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Effect of Chlortetracycline on Vitamin B, and Amino Acid 
Decarboxylase in Bacteria from the Alimentary 
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Received for publication July 21, 1959 


Melnykowyez and Johansson (1955) have shown 
that chlortetracycline suppresses amino acid decar- 
boxylation by intestinal microorganisms in the rat, 
formation of lysine decarboxylase in Escherichia coli, 
and decarboxylation of tyrosine in Streptococcus 
faecalis R. These workers postulate that antibiotics 
reduce enterotoxemia and improve growth by inhibiting 
amine formation in the intestine. 

Since vitamin Bg, is the cofactor of the amino acid 
decarboxylase enzymes, the present work was under- 
taken to determine the effect of chlortetracycline 
(CTC) on vitamin Bg, utilization and amino acid 
decarboxylation in chicks. 


MATERIALS AND METHODS 


Cultures and growth conditions. Three cultures of 
Escherichia coli were isolated from the intestine of 
chicks. Preliminary studies showed that these strains 
depleted the niacin, biotin, pantothenic acid, and 
vitamin Bg in the medium. The basal medium was that 
described by the Association of Vitamin Chemists 
(1951). The initial and final levels of each vitamin were 
within the assay range, the difference representing 
utilization. Pyridoxine hydrochloride was tested in 
initial concentrations of 0.4 and 0.2 ug per ml medium. 

For assays or decarboxylase activity, cells were 
grown in 150 of 500 ml of medium. When chlortet- 


| racycline-HCl was included in the medium, a freshly 


prepared solution was added aseptically just before 
inoculation. Washed suspensions of 24-hr cultures 
served as inoculum. After incubation for 48 hr at 37 C, 


| the cultured cells were centrifuged down, washed three 


times and resuspended to a known Volume in acetate 


_ buffer, pH 5.0. Aliquots of the supernatant fluid were 


stored at 0 C. The cells were treated in a 250-W, 10-ke 
Raytheon! sonic oscillator for 20 min under Hz and the 
preparations then kept frozen until tested. 
Decarboxylase activity. Glutamic acid decarboxylase 
activity of the sonicated cells was determined mano- 
metrically at 30 C in a nitrogen atmosphere, using the 
technique of Gale as modified by Melnykowyez and 
Johansson (1955). Vessels contained 0.2 to 0.5 ml of 


‘Raytheon Corp., Waltham, Massachusetts. 


the cell preparation plus sufficient acetate buffer 
(pH 5.0) to bring the volume to 2.2 ml. Substrate in 
the side arm was 1 ml M/20 glutamic acid. The gas 
evolved on addition of the substrate was converted to 
uM amino acid decarboxylated per mg cell protein, using 
the Folin-Wu Ciocalteau reagent (Lowry et al. 1951) to 
determine protein. 

Vitamin Bs assays. The yeast (Saccharomyces carls- 
bergensis) method of vitamin assay (Atkin et al. 1943) 
was used to determine vitamin Bs. To free bound Be, 
the cells or cell extracts were hydrolyzed in 0.2 N 
HCl for 4 hr. 

Determination of galactosidase activity. o-Nitro- 
phenyl-8-p-galactoside was used to assay for galactosid- 
ase (Lederberg, 1950). Cells for the assay were grown 
in the basal medium, substituting lactose for glucose. 
They were washed and suspended in phosphate buffer, 
pH 7.3, to give an optical density of 0.15. The cell 
suspension was used directly or first sonicated for 10 
min. Enzyme activity of whole cells and sonicated 
cells from cultures grown in 0, 1, 3, and 5 wg CTC 
per ml were compared. One ml m/200 substrate was 
added to 9 ml of the sample at zero time and the optical 
density at 420 my was measured, using a Bausch and 
Lomb Spectronic 20? spectrophotometer adapted to 
automatic recording with a Varian* model G11 recorder. 

Determination of decarboxylase activity of chick 
intestinal contents. One group of 20 chicks in raised 
wire pens received a ration of the following percentage 
composition: alfalfa meal, 4; ground yellow corn meal 
40; milo, 22.5; soy bean oil meal, 15; fish meal, 10; 
cottonseed meal, 5; shell, 2.25; and dried whey, 1.25. 
To each 100 lb of feed were added 1 lb bone meal, 0.3 
Ib iodized salt, 0.025 Ib choline chloride, 0.025 Ib 
MnSO,, 0.5 g niacin, 0.15 g riboflavin, 225,000 IU vita- 
min A, 17,000 ICU vitamin D, and Aureomycin‘ equiv- 
alent to 4.50 g crystalline material. The control group 
received the same diet but without added antibiotic. 


2 Bausch and Lomb Optical Co., Rochester, New York. 

3 Varians Associates, Special Products Division, Palo Alto, 
California. 

4 Crystalline form, American Cyanamid Corp., New York, 
New York. 
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In a second experiment the same ration was fed but 
penicillin® was the antibiotic. 

At 3, 4, and 5 weeks, chicks from the antibiotic and 
control groups were killed and the intestinal contents 
of each, from just below the duodenum to the junction 
with the caeca, were stripped into a centrifuge tube. 
The caecal material was similarly collected in a separate 
container. In some cases the individual contents were 
combined to obtain sufficient sample. 

The extraneous debris in the intestinal contents was 
separated from the bacterial cells, the procedure 
varying somewhat according to the consistency of the 
material. The samples were suspended in water, mixed 
well with a Servall Omni-Mixer,® and the heavier 
material separated either by slow centrifugation or 
allowed to settle out. The supernatant fluid was then 
centrifuged at 5000 rpm for 20 min. The sedimented 
material was suspended in water, mixed well, and again 
centrifuged at 5000 rpm for 20 min. The fluid was 
discarded and the sediment, which consisted chiefly of 
bacterial cells, was suspended in acetate buffer to 25 ml 
and sonicated for 20 min. The decarboxylase activity 
was assayed in the fresh material or equally well after 
the preparations had been frozen. In the 4-week-old 
chicks, the contents of the upper and lower portions 
of the small intestine were assayed separately. For 
chicks 5 weeks old, only the caecal material was used. 

The amino acid decarboxylase assay method was as 
previously described except that the substrate was a 
mixture of arginine, glutamic acid, histidine, lysine, 
tyrosine, and ornithine. 

RESULTS 

Effect of chlortetracycline on pyridoxine recovery. 
Table 1 shows the recovery of vitamin Bs, from super- 
natant fluids of EF. coli cultures having the same final 
pH and optical density. Many similar experiments 

5 Procaine Penicillin #*D53418, Merck & Co., Inc., Rahway, 


New Jersey. 
6 Ivan Sorvall, Inc., Norwalk, Connecticut. 


TABLE 1 
Effect of chlorietracycline upon recovery of vitamin Bs from 
cultures of three strains of Escherichia coli 








Percentage Recovery of Initial Vitamin Be 


Antibiotic Conc. 





Strain 3+ 
Strain 1* Strain 2t : et RATE 
(fluid only) (fluid only) 
Fluid only Cells 
—aa to Fe i i _ 
None 28 18 36 13 
0.15 34 
0.30 39 33 39 12 
0.50 39 40 49 10 
1.0 41 53 56 6 


* Initial Be = 0.4 wg per ml medium. 
t Initial B; = 0.2 ug per ml medium. 
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gave corresponding results. Increasing the concentration 
of antibiotic in the medium increased the vitamin B, 
recovered. The concentration of the vitamin in the 
hydrolyzed cells decreased with increasing antibiotic 
concentrations (strain 3, table 1). Despite the care taken 
to prevent destruction of vitamin Be, a large per- 
centage of the added material was not recovered, 
especially in the control cultures without CTC. Cells 
may metabolize the vitamin when it is present although 
it is not required for growth. Added vitamin Bg was 
quantitatively recovered from uninoculated cultures 
with and without CTC. When the organism was grown 
in a medium containing no Bs, none was found in the 
supernatant fluid and only traces were found inside the 
cell. 

Decarboxylase inhibition. Chlortetracyline inhibited 
the formation of the glutamic acid decarboxylase 
normally present in all three coliform strains. Figure | 
shows the rate of decarboxylation by EF. coli strain 3 
grown in media containing various amounts of the 
added antibiotic. With increasing concentrations up to 
1 wg per ml the decarboxylase activity of the cell 
extracts decreased (figure la). Higher concentrations 
caused no further decrease (figure 1b). 

Incubation with pyridoxal phosphate prior to assay 
did not change the enzyme activity of extracts of cells 
grown in CTC, indicating that lack of cofactor during 
decarboxylation was not the limiting factor. 

Table 2 summarizes the decarboxylase activity of J 
cells of strain 3 grown in media containing added 























Figure Ia § Figure |b 
e 1. No CTC ! 4 1. No CTC 
= 2. 0.3 ug per mi = 2. 0.3 ug per mi 
& 3. 0.5 ug per mi o 3. 1.0 4g per mi 
2 4 1.0 ug per mi € 4. 3.0 wg per mi 
e = 5. 5.0 ug per mi 
S 2 3 
= 50 3 3 ‘ 
3 y, 4 bd ‘ee 
4 D 3 
- be} 
4 2 A 
5 = 
2 S 
€ € 
= 1 1 1 | a . 
Time, minutes 20 Time, minutes 20 Fe 
i + . . +a) 
Figure 1. Effect of chlortetracycline (CTC) on glutamic acid © 


decarboxylation by extracts of Escherichia coli strain 3; (a) © 
0 to 1 ug CTC per ml; (b) 0 to 5 wg per ml. 


TABLE 2 
Effect of chlorietracycline (CTC) on decarboxylase activity of cells 
of Escherichia coli strain 3 grown in Bg medium 
Micromoles Glutamic Acid Decarboxylated per mg Cell 
Protein per Hr 


Pyridoxine | Pyri 
| yridoxal \ 
ayer | Phosphate | No Vitamin 
| (0.2 ug per | 6 
| (0.2 wg per 
» | ml) | 
CONE i. CER Ge ee Gea ee, 72 92 | 4 


1.0 we CTC per ml.......... | 32 36 | 20 
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Figure 2. Effect of sonication on the 6-galactosidase activity of cells grown in varying concentrations of chlortetracycline. 
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Figure 3. Effect of sonication on glutamic acid decarboxylase 

activity. 

' 
pyridoxine or pyridoxal with and without CTC. The 
results indicate that addition of vitamin Bs increased 
the decarboxylase per cell and that CTC counteracted 
this effect. The glutamic acid decarboxylase of coliforms 
1 and 2 was similarly affected. 

The presence of y-amino butyric acid, the product of 
glutamic acid decarboxylase, in cultures grown in the 
basal medium was demonstrated by use of descending 
paper chromatography. Cultures with no antibiotic 
produced spots comparable in position to the standard 
solution of the amine whereas cultures containing 


TABLE 3 


Effect of chlortetracycline in the diet on decarborylase activity of 
bacteria from caecal contents of chicks 


Chloretetracycline Controls 





mien SSS SS So ee ee 
No. of chicks No. of chicks 


| represented Activity* represented Activity 
Ge on ieee 
3 2 0.60 2 2.83 
3 0.75 2 1.35 
4 1 0.74 2 0.68 
1 NAt I 0.22 
] NA 2 0.39 
1 0.10 
5 2 0.21 2 0.14 
2 0.10 2 0.10 
2 0.14 2 0.21 





* Micromoles CO, produced per hr per mg protein. 
+ NA = no activity. 


antibiotic in concentrations of 1, 3, and 5 wg per ml 
contained no detectable y-amino butyric acid. 
8-p-Galactosidase of cells and cell extracts. The strains 
of E. coli used in the previous experiments were tested 
for 6-galactosidase to see if the concentration of this 
enzyme was also less after growth in presence of CTC. 
Contrary to expectations, the cells that were grown 
in cultures containing 1, 3, and 5 wg CTC per ml of 
medium were more active in splitting O-nitrophenyl- 
8-p-galactoside than were the control cells (figure 2). 
But when the cells were disrupted by sonic oscillation 
the activity of all preparations was the same as that 
of the whole cells with 3 wg or more of CTC, the anti- 
biotic having no effect on intracellular concentration of 
the enzyme (figure 2). The difference in 3-galactosidase 
activity apparently resulted from effects on perme- 
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ability rather than from differences in the amount of 
the enzyme produced. 

Decarboxylase activity of chick intestinal contents. The 
finding that sonication significantly improved the 
measurement of 8-galactosidase stimulated a study of 
the influence of sonication of EF. coli cells on their 
glutamic acid decarboxylase. A significant increase 
was found (figure 3). With this increased sensitivity 
the amino acid decarboxylase of cells obtained directly 
from the gut of chicks with and without antibiotics 
could be measured. 

Activity was found in the majority of the caecal 
samples but not in bacteria from the intestinal con- 
tents. Table 3 summarizes the results obtained. The 
average decarboxylase value decreased with increasing 
age of the chicks. There was much variation in the 
activities of the samples, but in the caecal bacteria 
from chicks 3 and 4 weeks old the average decarboxylase 
in the controls was greater than in the bacteria from 
chicks receiving CTC. The difference was just below 
the value required for statistical significance at the 10 
per cent level. 

Unavailability of chicks showing growth differences 
due to CTC prevented a more critical test of the cor- 
relation between the effects on decarboxylase and on 
chick growth. 

In a chick growth experiment identical with the one 
described, except that penicillin was the feed antibiotic, 


B. ALEXANDER 
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caecal bacteria from experimental and control chicks 
did not differ in decarboxylase activity. 


SUMMARY 


Chlortetracycline in culture media reduced the 
uptake of vitamin Bs, by strains of Escherichia coli 
isolated from chicks receiving chlortetracycline in the 
feed. This antibiotic also inhibited the production in 
vitro of amino acid decarboxylase by EL. coli. Sonicated 
bacteria obtained directly from the caeca of chicks fed 
chlortetracycline contained less decarboxylase than 
bacteria from the controls. Cells grown in chlortet- 
racycline exhibited greater 6-galactosidase activity 
than control cells, but this difference disappeared after 
sonication. 
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Yeasts Isolated from Sugar Cane and Its Juice During the 
Production of Aguardente de Cana 


A. M. Ex-TasBry SHEHATA! 


Department of General Biology, University of Sado Paulo, Séo Paulo, Brazil 


Received for publication, July 24, 1959 


Sugar cane plantations have been expanding over a 
large area of the world for many centuries. During 
that time, sugar and several types of liquor, particularly 
rum, have been manufactured in huge quantities. In 
Brazil, about 300 million L of aguardente de cana are 
produced annually (Anon., 1953) by distilling fer- 
mented cane juice. 

Although the natural yeast flora of sugar cane juice 
may contribute to that of sugar and may play an 
important role in manufacturing liquors made from 
sugar cane products, very little work has been pub- 
lished on this point. Ashby (1909) isolated several yeast 
cultures from sugar cane juice. He referred to some of 
these cultures as oval budding yeasts and to the others 
as fission yeasts. Different types of yeasts were isolated 
by workers from cane molasses, cane sugar, and syrup 
(Owen, 1949). 

The work reported here was carried out to obtain a 
better idea of the natural yeast flora of sugar cane and 
its fresh and fermented juice. Moreover, certain yeast 
cultures could be selected in order to study their effect, 
when used as pure starters, on the production of 
aguardente de cana which is the Brazilian national 
liquor. 


MATERIALS AND METHODS 


Samples were collected from five different factories 
located near Piracicaba in the state of Sado Paulo, and 
from six experiments carried out in the pilot plant at 
the Institute of Enzyme Technology in Piracicaba. 
Samples of cane juice were gathered at the crusher, 
from the canals leading from the crusher to the fer- 
menting tanks, and from the fermentors during the 
fermentation. Two samples were taken from the fer- 
menting juice: one near the top and the other near the 
bottom of the fermentor. Several samples of fresh water 
used for washing canes were also collected. 

Direct streaking on malt agar of 10° Balling was 
used for isolation. Plates were kept at room temperature 
for several days, with frequent observations for picking 
different colonies. Isolates were purified by successive 
transfers to new media. The pure cultures were classified 
according to the procedures of Lodder and van Rij 
(1952). 


1 Present address: Department of Food Technology, Massa- 
chusetts Institute of Technology, Cambridge, Massachusetts. 


RESULTS AND DIscUSSION 

A total of 139 yeast cultures were isolated from 77 
samples of washing water and cane juice collected 
from various factories and experiments. Table 1 shows 
the number of samples collected from various sources 
and the number of genera and species of yeasts isolated. 

Generally, one or two types of colonies were noticed 
on each plate as may be seen by comparing the number 
of isolates with the number of samples. In the case of 
cane juice collected from the distributing canals, three 
or four different types of colonies were picked from 
each sample. 

The occurrence of only one or two different types of 
colonies in each sample of fermenting juice may be 
attributed to the predominance of a certain species 
during the fermentation process. This view is supported 
by the fact that only five species in three genera were 
isolated from 33 samples of cane juice taken from the 
fermentors. 

The fresh cane juice collected directly from the 
crusher or from the distributing canals showed a 
heterogenous yeast flora. Six different genera and 14 
species were identified from samples collected from 
each source, although the number of samples taken 
from the canals was much less than that taken from 


TABLE 1 


Number of samples and number of isolates, genera, and species 
of yeasts obtained from various sources 





| No. of 











s f Sampl | No. of a _ | Pent a Genera 
SeuceotSumies | stil | is, | ee | ope 
‘ies kaon 
Washing water | | 
Commercial plant...... | i 2 1 | 1 
Protaplante.s.-). sssce | 10 | 14 | 7 4 4 
Fresh juice—crusher | | 
Commercial plant....... | 7 on es | Sack et 
Pilot plants .c.-c00<~- | 20 | 38 | 10 | 5 
Fresh juice—canals | | | 
Commercial plant.......; 9 | 32 | Bais 
er ae ,—_ | — | — _ 
Fermentor—top | | 
Commercial plant....... ae 6 | . 1 
Pilot Dlanbs. 0235.4. > 13 | 2 1 
Fermentor—bottom | | | 
Commercial plant....... 16 |. 1}. 6 3 
Pilot seat. .......<5.<3<: | 4 | 9 | 1 1 
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under the crusher. Each sample of juice taken from 
the distributing canals represented a larger quantity of 
juice than that taken directly from under the crusher. 
This may be the reason for obtaining more types of 
different colonies from each of the former samples than 
from the latter. 

The occurrence of yeast species according to place and 
source of isolation is presented in table 2. The 139 yeast 
isolates belong to nine genera and to 26 species. Of 
these nine genera, Saccharomyces, Candida, Pichia and 
Torulopsis were more frequent than the others on the 
cane plant and in fresh juice. However, only Sac- 
charomyces, Candida, and Schizosaccharomyces were 
isolated from fermenting juice. Failure to isolate 
Pichia and Torulopsis from fermenting juice may be 
due to the domination of the other genera which are 
strong fermenters, whereas Pichia and Torulopsis 
yeasts are nonfermenters or comparatively weak 
fermenters. 

One or very few isolates of Endomyces, Hansenula, 
Kloeckera, and Saccharomycodes were obtained from 
fresh juice. 
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As shown in table 2, the most common yeast species 
are Saccharomyces carlsbergensis var. alcoholophila, 
Saccharomyces cerevisiae, Pichia membranaefaciens, 
Candida kruset, Torulopsis stellata, Candida quillier. 
mondii, Pichia fermentans, Candida intermedia var, 
ethanophila and Schizosaccharomyces pombe. Most of the 
remaining 17 species were isolated only once or twice, 
The heterogenous yeast flora of fresh cane juice may be 
due to the presence of soil particles which are com. 
monly present on the canes. Many of these species have 
been isolated from soil by Bouthilet (1951), Lund 
(1954), and Capriotti (1955). 

Although the first eight species were isolated fre- 
quently from the fresh cane juice, only two of them 
were prevalent in fermenting juice. These two species, 
S. carlsbergensis var. alcoholophila and S. cerevisiae, 
were isolated equally from both top and bottom samples 
from the fermentors. S. pombe was isolated only from 
samples taken near the bottom of the fermentor and 
at only two of the five factories. The predominance of 
these three species in fermenting juice may be at- 
tributed to their comparatively strong fermentative 


TABLE 2 


Identification of Yeasts Isolated 


Commer- 
cial plant 


Candida guilliermondii... 
Candida intermedia var. ethanophila 

enema Evubes.................. : 2 
Candida mycoderma............ 

Candida parapsilosis var. intermedia... 

Candida tropicalis. . 

Candida saccharum 0. sp... 
Endomyces magnusi?... 
Hansenula anomala... 
Kloeckera apiculata. . 

Pichia fermentans.... 

Pichia membranaefaciens. .. 
Saccharomyces acidifaciens. .. 
Saccharomyces carlsbergensis 


var. alcoholophila 


Saccharomyces cerevisiae 
Saccharomyces chevalieri 
Saccharomyces marzianus 
Saccharomyces microellipsodes 
Saccharomyces rosei.... 
Saccharomycodes ludwigit 
Schizosaccharomyces pombe 
Torulopsis glabrata 
Torulopsis globosa.... 
Torulopsis stellata. . . 
Torulopsis stellata var. cambresieri 
Torulopsis saccharum n. sp.. 





Washing water 


Pilot plant 


Le) 


bo 


Yeasts isolated from different sources 





Frequency of Isolation 


Fresh 


Fresh juice—crusher juice— Fermentor—top Fermentor—bottom 
canals 
iad) ATR HERR Man SSE ctu 
agen Pilot plant ao. a. Pilot plant pos ‘Pilot plant 
3 2 
4 1 
6 1 
2 
1 
1 | 
1 | 
1 
1 
2 1 1 
4 | 
11 1 
1 | 
4 5 1 io | 2 | 9 
1 1 5 5 3 7 
1 
1 1 
4 
1 | 
9 
5 
1 
1 7 | 
1 
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power, nutritional requirements, or tolerance to higher 
temperatures. 

All but two of the isolates could be identified by the 
system of Lodder and van Rij (1952). Since these two 
isolates differ in their characteristics from the known, 
published species, they are described here as new 
species and listed in table 2 under the following names: 

Candida saccharum n. sp. Growth in malt extract: 
after 3 days at room temperature cells oval to spherical, 
22 to 5.5 by 2.2 to 5.5 w; single or in pairs or short 
chains. Thin, smooth, and whitish pellicle; ascending 
ring and a sediment are formed. Streak cultures on 
malt agar: whitish colored, surface smooth and glisten- 
ing, soft structure, low convex cross-section, border 
entire with pseudomycelium. Slide cultures on potato 
dextrose agar: pseudomycelium not well developed; 
blastospores arranged in short chains. Fermentation 
positive for glucose, sucrose, maltose (latent and weak) 
and raffinose (1/3 only). Galactose and lactose not 
fermented. Assimilates glucose, galactose, sucrose, 
maltose, and ethanol but not lactose. Nitrate assim- 
ilated. Splits arbutin. 

Torulopsis saccharum n. sp. Growth in malt extract: 
after 3 days at room temperature cells short oval to 
spherical, 1.8 to 3.6 by 1.8 to 4.5 4; usually in small 
clusters. A ring and sediment form gradually, but no 
pellicle. Streak culture on malt agar: white to cream 
colored, surface smooth and glistening, soft texture, 
cross-section low convex, border entire. No pseudo- 
mycelium on potato dextrose agar slides. Fermentation 
absent. Assimilates glucose and ethanol but not galac- 
tose, sucrose, maltose, and lactose. Assimilation of 
nitrate—positive. Does not split arbutin. 

The remainder of the isolates fit well into the desig- 
nated species as described by Lodder and van Rij 
(1952), except those belonging to S. carlsbergensis and 
(’. intermedia. They differ from the original descriptions 
in their ability to utilize ethanol as a sole source of 
carbon. Verona and Toledo (1954) have described a 
new yeast variety designated Candida intermedia var. 
ethanophila, which resembles C. intermedia but as- 
similates ethanol. Therefore, isolates belonging to 
(. intermedia were placed under this new variety. 
Isolates of S. carlsbergensis capable of utilizing ethanol 
as the sole carbon source have been grouped in a new 
variety designated S. carlsbergensis var. alcoholophila. 

Moreover, two isolates which were originally clas- 
sified as Candida melibiosi have been placed with 
(. guilliermondii because of the findings of Wickerham 
and Burton (1954). 


YEASTS ISOLATED FROM SUGAR CANE 
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SUMMARY 


One hundred and thirty-nine yeast cultures were 
isolated from 77 samples collected from the washing 
water of sugar canes and from fresh and fermenting 
cane juice during the production of aguardente de cana 
in Brazil. Although 26 species were identified, only 
eight were predominant in fresh cane juice; namely 
Saccharomyces carlsbergensis var. alcoholophila (n. var), 
Saccharomyces cerevisiae, Pichia membranaefaciens, 
Candida krusei, Torulopsis stellata, Candida guillier- 
mondii, Pichia fermentans, and Candida intermedia var. 
ethanophila. Most of the other species were isolated 
only once or twice. 

Only three species were predominant in the fer- 
menting juice: Saccharomyces carlsbergensis var. al- 
coholophila, S. cerevisiae, and Schizosaccharomyces 
pombe. 

Two new yeast species and a new variety were 
isolated and described. 
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At the 1957 Conference on Rumen Function, Bar- 
rentine et al. (1958) and Emery et al. (1958) presented 
reports supporting the use of penicillin for the control 
of bloat in cattle. At the same conference, Johnson 
et al. (1958) and Smith and Emery (1958) reported that 
the administration of 50 to 100 mg of penicillin daily 
reduced the incidence of pasture bloat, but this control 
was not effective after 7 to 9 days of treatment. Johns 
(1958) found that, after penicillin had been given 
every 2 days for some 12 doses, the inhibiting effect 
on rumen fermentation disappeared. Little information 
is available to explain the mode of action of this pro- 
phylactic measure or the disappearance of the in- 
hibiting effect after continued administration. Smith 
and Emery (1958) detected a “penicillin destroying 
principle” in Seitz-filtered rumen fluid of penicillin- 
treated cattle after 1 week of treatment. 

The present study is an attempt to determine the 
effect of penicillin upon the lactobacilli, streptococci, 
and coliform bacteria in the rumens of fistulated steers 
grazed on Ladino clover. The first two of the bacterial 
groups were selected for their possible role in the bloat 
process, in view of the report of Perry and Briggs 
(1957) that the “lactobacilli constitute a major com- 
ponent of the bovine ruminal microflora ... ” and 
that of Dain et al. (1956) that Streptococcus bovis may 
be important in the production of the slime often 
associated with bloat. 

The coliform bacteria that were isolated were assayed 
for their possible role in the destruction of penicillin 
since Harper (1943) has reported that sterile filtrates of 
coliform bacteria were capable of penicillin inactiva- 
tion. Bondi and Dietz (1944) designated the penicillin 
destroying agent produced by paracolon bacilli as 
penicillinase. 


EXPERIMENTAL METHODS 


From September 29, 1958 through November 21, 
1958, three fistulated steers (No. 50, 22, and 42) were 
grazed twice daily on a Ladino clover pasture at the 
University of Kentucky Agricultural Experiment 
Station farm. At intervals of 7 days during the first 
month of study and at intervals of 1 to 2 days during 
the period of penicillin administration, samples of 

1 The investigation reported in this paper is in connection 


with a project of the Kentucky Agricultural Experiment 
Station and is published with approval of the Director. 


Persistence of Lactobacilli and Streptococci in the Bovine 
Rumen During Penicillin Administration’ 


76 





rumen contents were obtained via the fistula for 
bacteriological analysis. A Colorado tube placed in 
several sites of the rumen, with the aid of slight vacuum, 
was employed to obtain the samples. Except for the 
first three sampling periods, collections were made in 
the morning prior to placing the animals on pasture. 

After sampling on October 7, steer 50 was given 
3 oz of penicillin-sodium chloride mixture,? which 
contained 0.18 per cent or 150 mg of penicillin daily, 
through November 5, 1958. Steer 22 was given 1 oz 
of the penicillin-salt mixture (50 mg of penicillin) 
daily during this period. Steer 50 was given four 
additional daily doses of 250,000 units each of erystal- 
line penicillin-G (potassium) between November 6 and 
November 9. All administrations were made through 
the fistula immediately after sampling. Steer 42 served 
as an untreated control. 

Samples for bacteriological analysis were strained 
through cheesecloth, and a 1-ml aliquot of each strained 
sample was decimally diluted in sterile tap water. | 
Enumeration and identification of the coliform bacteria 
were made by the screening procedure of Wiseman and 
Sarles (1956). Numbers of lactobacilli were determined 
by plating selected dilutions of the samples in LBS 
agar, a dehydrated product prepared by the Baltimore 
Biological Laboratories according to the formula of 





Rogosa et al. (1951). The rumen streptococci were | 
counted by plating in the azide agar of Harrison and E 
Hansen (1950). Frequent Gram stains were made of © 
colonies in the azide plates to check the selectivity of f 
the medium. Plates containing LBS and azide =| 
were incubated from 2 to 4 days at 37 C to insure the 
counting of “pin-point” colonies. Coliform bacteria [ 
were counted after 2 days’ incubation at 37 C. 

After examination of the plates that were made 
during the final period of sampling, isolates from the 
azide medium were subcultured into a similar medium 
without the azide and agar. Lactobacilli isolates were 
subcultured in a modified LBS broth (Rogosa et al., 
1953). All coliform cultures were maintained in nu- 
trient broth. Penicillin resistance was determined by 
culturing the isolates in subculture-broth containing 
1, 10, 50, and 100 ug of penicillin G per ml. Penicillin 
inactivation was determined in vitro by the addition of 
one drop of a mixture of ruminal paracolon bacteria to 


2 Supplied by the Morton Salt Co., Chicago, Illinois. 
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Figure 1. Effect of daily penicillin administration upon 
numbers of lactobacilli in the rumens of fistulated steers grazed 
on Ladino clover. 
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Figure 2. Effect of daily penicillin administration upon num- 
bers of rumen streptococci in the rumens of fistulated steers 
grazed on Ladino clover. 
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Figure 3. Effect of daily penicillin administration upon 
numbers of paracolon bacteria in the rumens of fistulated 
Steers grazed on Ladino clover. 
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each tube of streptococcal subculture broth containing 
penicillin, before incubation with the streptococci 
isolates. Survival of the streptococci in penicillin- 
containing broth was determined by Gram stain and 
by subculturing into azide broth. Penicillin inactiva- 
tion by filtrates of cultures of the ruminal paracolon 
bacteria was determined by the method of Harper 
(1943). The results are shown in graphic form in 
figures 1, 2, and 3. 


RESULTS 


The daily administration of 50 mg and 150 mg of 
penicillin to Ladino-fed fistulated steers produced no 
persistent changes in the numbers of ruminal lacto- 
bacilli, streptococci, or coliform bacteria during a 
2-week period of daily treatment. The numbers of 
lactobacilli in the rumen of steer 50 which received 
150 mg of penicillin daily paralleled the count of 
lactobacilli from the rumen of the control steer. Except 
for the first two periods of study, steer 22 consistently 
had a low lactobacilli count (100 to 1000 per ml of 
content); yet treatment with 50 mg of penicillin daily 
had no apparent effect upon these numbers. The 
administration of penicillin did not markedly alter 
the numbers of ruminal streptococci in the test steers. 
The apparent decrease and subsequent increase in 
numbers of streptococci in the rumen of steer 50 during 
the first 10 days of penicillin treatment suggest the 
development of penicillin-resistant strains. 

Penicillin resistance studies with 10 streptococcal 
isolates taken from azide medium, prepared from 
rumen contents from each of the three animals on the 
37th day, revealed that all isolates were sensitive to 
1 yg per ml of penicillin. Assays with the isolates of 
Lactobacillus revealed that this bacterial group was 
also sensitive to 1 wg of penicillin per ml of culture 
medium. These results indicate that the persistence of 
numbers of streptococci and lactobacilli in rumen of 
penicillin-treated steers was not the result of the 
development of resistant strains. This finding is in 
contrast to earlier findings (Wiseman, 1956) in which 
penicillin-resistant strains of Lactobacillus developed 
in the intestinal tract of chickens fed dietary peni- 
cillin. 

Figure 3 shows a constancy in the numbers of ruminal 
coliform bacteria (ca 1,000,000 per ml of content). 
The nonlactose-fermenting paracolons (primarily Para- 
colobactrum coliforme and P. aerogenoides) were the 
predominating coliform bacteria. This confirms the 
findings of other studies in this laboratory, using 
cattle fed on diets of clover, hay, and grain. Steer 22 
had a relatively higher paracolon count during the 
last 5 weeks of study and had its lowest Lactobacillus 
count during this same period, suggesting that a 
balance may exist between these two groups of bacteria. 

Experiments with paracolon bacteria recovered from 
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the rumen fluid from the two test steers and from the 
steer which had not received penicillin showed that all 
of the paracolon isolates were capable of growing in 
nutrient broth containing 100 yg of penicillin per ml. 
The “penicillin inactivation” trials revealed that the 
addition of rumen paracolon bacteria to broth con- 
taining 100 wg of penicillin per ml would permit the 
growth of enterococcal strains which were shown to be 
sensitive in pure culture to 1 yg of penicillin per ml. 
Discussion 

The in vitro destruction of penicillin by rumen 
paracolon bacteria suggests that this group of organisms 
may have inactivated the penicillin which had been 
administered to the steers in this study. This inactiva- 
tion could then be the factor responsible for the per- 
sistence of the penicillin-sensitive lactobacilli and rumen 
streptococci. It is possible that the ‘‘penicillin-destroy- 
ing principle” present in Seitz-filtered rumen content 
as reported by Smith and Emery (1958) is penicillinase 
produced in vivo by rumen paracolon bacteria. These 
authors indicated that in cattle receiving 100 mg of 
penicillin daily for 3 weeks, the antibiotic ‘was not 
detectable in most cases at 3 hr after ingestion.” 

The constancy of numbers of lactobacilli, strepto- 
cocci, and paracolon bacteria in the rumen of fistulated 
steers fed Ladino clover suggests that a microbial 
balance exists in the rumen of cattle as it does in the 
intestinal tract of other species. In the bovine rumen 
this balance is apparently well stabilized, even the 
administration of penicillin failed to alter the equilib- 
rium. This is in contrast to the findings of Wiseman 
et al. (1956) in studies of the effect of dietary anti- 
biotics upon the intestinal flora of chickens. They 
showed that the balance between the numbers of 
intestinal lactobacilli and the numbers of intestinal 
coliform bacteria could be altered by feeding low levels 
of a penicillin-bacitracin mixture. The reduction in 
numbers of lactobacilli was followed by an immediate 
increase in the numbers of lactose-fermenting coliform 
bacteria. Since paracolon bacteria are the predominate 
coliform group in the bovine rumen and the lactose- 
fermenting bacteria of this group often predominates 
in the intestines of chickens, the penicillin inactivation 
which occurs in the rumen may not occur in the intes- 
tinal tract of chickens. The greater potential for peni- 
cillin inactivation by paracolon bacteria was reported 
by Harper (1943) who noted that the Seitz filtrate of a 
paracolon bacillus destroyed penicillin, whereas similar 
filtrates of lactose-fermenting coliform bacteria “‘showed 
no such complete destruction.”” Bondi and Dietz 
(1944) reported that phenolized cultures of paracolon 
bacteria diluted 1:128 were still capable of inactivating 
penicillin, whereas similar inactivation by Escherichia 
coli did not occur beyond a dilution of 1:32. 

That a balance exists between groups of micro- 
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organisms in the rumen has also been reported by 
Briggs (1956), who states “ ., We have found g 
surprising constancy of results ..., the alteration in 
the numbers of bacteria being quite small even with 
marked changes in diet.”” Several reported attempts to 
alter the balance by the addition of bacteria foreign to 
the rumen have been unsuccessful. Hobson et al. (1958) 
were unable to establish in the rumen of a sheep a 
gram-negative coccus isolated from a calf. In our 
laboratory, attempts to establish in the bovine rumen 
a slime-producing Aerobacter isolated from Ladino 
clover were not successful (Wiseman et al., 1959). 

Since penicillin is an effective temporary control for 
bloat in Ladino-fed cattle, the results of this study 
suggest that preceding or during bloating some altera- 
tion may occur among the ruminal microflora which 
permits the antibiotic to remain active. Our findings 
suggest that the numbers of penicillinase-producing 
bacteria may be reduced during the early stages of 
bloat, thus permitting the antibiotic to be active 
against microorganisms which are important to the 
bloat process. An increase in numbers of penicillinase- 
producing ruminal flora after about 1 week of treatment 
could then be responsible for the loss of antibiotic 
activity. Since bloating did not occur in the steers used 
during this experiment, these postulates could not be 
verified. 


It should be emphasized that this experiment was 


designed in line with the recommended practice of 
using 50 to 100 mg of penicillin per day for the control 
of bloat in cattle. Although a level of approximately 
twice the therapeutic dose was used in this trial, it is 
not suggested that higher levels would not markedly 
alter the numbers or penicillin resistance of bacteria 
in the rumen. It is estimated that with the administra- 
tion of 150 mg of penicillin to steer 50 the final con- 
centration of penicillin that remained after the complete 
admixture of the antibiotic with the rumen content 
was at least 2 wg per ml. This level (if active) should 
have been effective in reducing the numbers of ruminal 
lactobacilli and streptococci, since isolates of these 
bacterial groups were shown to be sensitive to 1 yg of 
penicillin per ml of culture medium. It is assumed that 
significant changes in numbers or penicillin resistance 
of these bacterial groups did: not occur during the 
24-hr period between administration of the antibiotic 
and sampling. It is possible that, if an effective level 
of penicillin had not been reached in the rumen, the 
“natural” resistance of lactobacilli and rumen strepto- 
cocci could have accounted for their persistence. 
Fitzgerald and Jordan (1953) noted that some of their 
strains of oral lactobacilli were not capable of growing 
in a medium containing more than 0.2 units of sodium 
penicillin G per ml, whereas other strains resisted a 
concentration of 2 units per ml. White and Sherman 
(1944) reported that most of the enterococcal species 
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grew quantitatively in a selective medium which 
contained 0.325 units of penicillin per ml, but that 
Streptococcus durans was partially inhibited by this 
level of antibiotic. 


SUMMARY 


Two Ladino-fed fistulated steers were given daily 
doses of penicillin (50 and 150 mg per dose) for a 
period of about 2 weeks. Bacteriological analyses 
revealed that no pronounced alteration in numbers of 
rumen lactobacilli, streptococci, or paracolon bacteria 
occurred during the period of penicillin administration. 
This apparent 
correlated with the appearance of penicillin-resistant 
lactobacilli or streptococci. The ability of the paracolon 
bacteria to inactivate relatively high concentrations 
of penicillin in vitro suggests that these bacteria may 
be responsible for the inactivation of the penicillin in 
the rumen. 


lack of penicillin activity was not 


REFERENCES 


BARRENTINE, B. F., SHAWVER, C. B., AND Wituiams, W. L. 
1958 Continuous feeding of a salt-penicillin mixture to 
steers grazing Ladino clover. U.S. Dept. of Agriculture 
Report of Fourth Conference on Rumen Function, Chi- 
cago, 1957, p. 8. 

Bonn, A. AND Digerz,C.C. 1944 Production of penicillinase 
by bacteria. Proc. Soc. Exptl. Biol. Med., 56, 132-134. 
Briaas, C. A. E. 1956 Recent advances in the microbiology 

of ruminant digestion. Agr. Progr., 31, 34-44. 

Dain, J. A., NEAL, A. L., AND SEELEY,H.W. 1956 The effect 
of carbon dioxide on polysaccharide production by Strepto- 
coccus bovis. J. Bacteriol., 72, 209-213. 

Emery, R.S., Smiru, C. K., AND HurrMan, C.F. 1958 Feed- 
ing penicillin for control of bloat in grazing cattle and its 
effect on milk production. U. S. Dept. of Agriculture 
Report of Fourth Conference on Rumen Function, Chi- 
cago, 1957, p. 9. 

FitzGeERALD, R. J. AND JorpaN, H. V. 1953 The in vitro 
effects of antibiotics and other inhibitory agents on repre- 
sentative oral lactobacilli. Antibiotics & Chemotherapy, 
3, 231-240. 


PERSISTENCE OF LACTOBACILLI AND STREPTOCOCCI IN BOVINE RUMEN 79 


Harper, C. J. 1943 Inhibition of penicillin in routine cul- 
ture media. Lancet, 245, 569-571. 

Harrison, A. P., JR. AND HANSEN, P. A. 1950 The bacterial 
flora of the cecal feces of healthy turkeys. J. Bacteriol., 
59, 197-210. 

Hopson, P. N., Mann, 8. O., AND Oxrorp, A. E. 1958 Some 
studies on the occurrence and properties of a large Gram- 
negative coccus from the rumen. J. Gen. Microbiol., 19, 
462-472. 

Jouns, A. T. 1958 Recent developments in bloat research. 
Veterinary Reviews and Annotations, 4, 17-31. 

Jounson, R. H., Brown, L. R., Jacopson, N. L., ALLEN, R.S., 
AND HomMEYER, P.G. 1958 Relationship of plant compo- 
sition, weather, and prophylactic measures to intensity of 
alfalfa bloat. U.S. Dept. of Agriculture report of Fourth 
Conference on Rumen Function, Chicago, 1957. pp. 3-5. 

Perry, K. D. ano Briaes, C. A. E. 1957 The normal flora 
of the bovine rumen. IV. Qualitative studies of lacto- 
bacilli from cows and calves. J. Appl. Bacteriol., 20, 
119-123. 

Roaosa, M., MircHe.ti, J. A., AND WiseMAN, R. F. 1951 A 
selective medium for the isolation and enumeration of oral 
and feeal lactobacilli. J. Bacteriol., 62, 131-133. 

Roaosa, M., Wiseman, R. F., MitcHey, J. A., Disrar.y, 
M. N., aNnp Beaman, A. J. 1953 Species differentiation 
of oral lactobacilli from man, including descriptions of 
Lactobacillus salivarius nov. spec. and Lactobacillus cello- 
biosus nov. spec. J. Bacteriol., 65, 681-699. 

Smitru, C. K. anp Emery, R.S. 1958 The effects of penicillin 
on the activities of ruminal microflora. U.S. Dept. of 
Agriculture Report of Fourth Conference on Rumen Funce- 
tion, Chicago, 1957, pp. 26-27. 

Wuitr, J. C. anp SHERMAN, J. M. 1944 Occurrence of 
enterococci in milk. J. Bacteriol., 48, 262. 

WiseMAN, R. F. 1956 Influence of dietary antibiotics and 
other conditions upon bacteria in the intestines of 
chickens. Ph.D. Dissertation, Univ. of Wisconsin, Part 
III, 63-79. 

WIsEMAN, R. F. aNpD Sar Es, W.B. 1956 A plating procedure 
for screening intestinal coliform bacteria. J. Bacteriol., 
71, 480-481. 

Wiseman, R.F., Sarzes, W. B., Benton, D. A., Harprr, A. E., 
AND E.vensem, C. A. 1956 Effects of dietary anti- 
biotics upon numbers and kinds of intestinal bacteria in 
chicks. J. Bacteriol., 72, 723-724. 

Wiseman, R. F., Jacospson, D. R., AND MILLER, W. M. 1959 
Attempts to alter the microbial balance in the bovine 
rumen. Bacteriol. Proc., 1959, 22-23. 





Nutrition and Physiology of Nitrobacter agilis' 
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Nitrate formation in nature is one of the more 
important phases of the nitrogen cycle, yet the number 
of species capable of forming this anion are quite 
restricted. In addition to the chemoautotrophic 
bacteria, only Aspergillus flavus and certain other 
fungal strains have been verified to be capable of 
nitrate formation (Eylar and Schmidt, 1959). The 
information presently available thus indicates that this 
critical portion of the sequence of biochemical trans- 
formations of nitrogen is catalyzed only by a few 
unique microorganisms. 

The dominant genus in the second step of nitri- 
fication is Nitrobacter, but only two species are cur- 
rently recognized, Nitrobacter winogradskyi and Nitro- 
bacter agilis (Breed, Murray, and Smith, 1957). Strains 
have been obtained from many diverse environments, 
but the areas of dissimilarity have not been sufficiently 
great to warrant the designation of new species. Since 
the nitrite-oxidizing bacteria are of great economic 
importance in agriculture and in circumstances where 
their activities are preferentially inhibited so that 
nitrite accumulates (Stojanovic and Alexander, 1958), 
a study was initiated to ascertain certain of the nu- 
tritional and physiological properties of the less investi- 
gated species in the genus, N. agilis. 

Knowledge of the mineral nutrition of the nitrite 
oxidizing autotrophs is incomplete and often ambigu- 
ous. Thus, the optimum iron concentration for growth 
of N. winogradskyi is reported to be about 6 ppm for 
the oxidation of 200 ppm nitrite-nitrogen (Meiklejohn, 
1953), but application of the energy efficiency values 
of this organism, of the order of 100 parts nitrogen 
oxidized to 1 part carbon assimilated (Meverhof, 
1916a), demonstrates that this iron level exceeds the 
amount of cell carbon formed. Specific requirements 
for magnesium, phosphate, and nitrite have also been 
reported (Bémeke, 1950; Meiklejohn, 1952; Meyerhof, 
1916a), but the cultural conditions were far from 
adequate. 


EXPERIMENTAL METHODS 


Nitrobacter agilis was grown in 500-ml flasks con- 
taining 200 ml of the following medium: 0.3 g KNO,; 
0.175 g K2sHPO,; 0.175 g MgSO,-7H:O; 0.1 g NaCl; 


! This work was supported in part by a grant from the Sun 
Oil Company, Philadelphia, Pennsylvania, Agronomy Paper 
No. 481. 

2 Present address: McCollum Pratt Institute, The Johns 
Hopkins University, Baltimore, Maryland. 
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1.5 g KHCO,; and 35 pg FeSO,-7H.O in 1.0 L deion- 
ized, distilled water. Each flask received 5 ml of a 
24 to 48 hr inoculum and was incubated on a 285-rpm 
rotary shaker at 30 C. 

To study its inorganic nutrition, the organism was 
grown in media from which the nutrient under study 
was omitted for three consecutive subcultures with an 
incubation period of 4 days per subculture. For each 
transfer, 0.5 ml inoculum was added to the culture 
flask containing 200 ml medium. The requirements 
for each nutrient were studied by omitting the nutrient 
from the medium described and adding graded amounts 
to flasks in a standard series. Aliquots of 1 ml were 
withdrawn at regular intervals for nitrite analysis, and 
fresh nitrite additions were made after the _ initial 
amount was metabolized until a point was reached 
where no further oxidation occurred with subsequent 
additions. The medium was purified essentially by 
the alumina method of Donald et al. (1952). All glass- 
ware was acid washed prior to use, and the water 
included in the culture vessel was prepared by passing 
steam-distilled water through cation and anion ex- 
change resins. 

Nitrite was determined by the alpha-naphthylamine- 
sulfanilie acid procedure (American Public Health 
Association, 1955) and nitrate by the method of 
Buckett et al. (1955). Since nitrite interferes in the 
determination of nitrate, it was eliminated by heating 
at 65 to 70 C for 10 min in the presence of 8 per cent 
oxalic acid and 10 per cent urea. The determination of 
effective aeration was made by the sulfite oxidation 
method (Cooper, Fernstrom and Miller, 1944) and 
results expressed in terms of mm Oz per L per min. 

The bacterium was cultivated and cell extracts 
prepared from the resulting cell paste by the methods 
described in a previous paper (Aleem and Alexander, 
1958). When the cultures were growing exponentially, 
the ratio of nitrobacter numbers to nitrite-nitrogen 
was of the order of 30,000:45,000 cells for 1.0 ug 
nitrite-N oxidized. For manometric investigations, 
each reaction vessel contained 20 uM nitrite, 5 pi 
MgSO, and 50 yum phosphate buffer at pH 8.0 in the 
main compartment, 0.2 ml of 20 per cent KOH in the 
center well and cell suspension in the side arm. Oxygel 
consumption was measured at 30 C. 


EXPERIMENTAL RESULTS 


Although nitrite itself is a bacteriostatic agent, the 
organism can obtain all of its energy from the oxr 
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dation of this anion. As little as 130 ppm nitrite-N 
were found to prolong the lag phase of growth to 2 to 
3 days whereas growth did not occur in media initially 
containing 1100 ppm. No detectable lag period was 
observed in cultures grown in solutions with initial 
concentrations of less than about 40 ppm nitrite- 
nitrogen. Once the organism was developing expo- 
nentially, additions of up to 500 ppm of nitrite-nitrogen 
could be made without suppressing the growth, and the 
logarithmic phase lasted until about 1500 ppm nitrogen 
were oxidized. The maximum nitrite transformed 
under these conditions was found to be ca 4000 ppm 
nitrogen, and the minimum generation time observed 
was about 7 hr. 

Little nitrite was oxidized in media containing less 
than 0.05 ppm added phosphorus whereas higher 
levels increased the total oxidation to about 3000 ppm 
nitrogen (table 1). Approximately 5 ppm phosphorus 
seems to be the minimal level required to support 
maximal nitrite conversion. There was no nitrification 
in the absence of magnesium, the bacterial response 
paralleling the quantity added up to about 5 ppm. 
Nitrite oxidation was also enhanced by the addition 
of iron although the solution was never sufficiently iron 
deficient since growth in the purified medium was 
one-third of that in the fully supplemented solution. 
The amount of nitrite oxidized was doubled by 0.001 
and trebled by 0.007 ppm Fe when compared with 
controls receiving none whereas higher concentrations 
were without effect. The addition of 0.01 ppm or more 
copper or manganese to the complete medium failed 
to increase the rate or total amount of nitrate pro- 
duced. | 

To determine the aeration rate necessary for N. 
agilis, different levels of effective aeration were attained 


TABLE 1 


Response of Niirobacter agilis to phosphorus, magnesium, 
and iron 





Nitrite-N Oxidation 
Nutrient Addition* | 











P | Mg | Fe 
= = 

ppm ppm | ppm | bpm 
0.0 136 | my | 1050 
0.001 | | 2150 
0.003 | | | 2350 
0.005 164 | 
0.007 | | 3050 
0.025 | 197 | 
0.05 958 | 9800 
0.20 464 2800 
0.50 2140 | | 
1.0 1591 
5.0 2920 2405 

25.0 2975 2341 


' 











* Rates of addition are in terms of the element. Incubation 
of 30 days for P and Mg and 40 days for Fe. 


NUTRITION AND PHYSIOLOGY OF NITROBACTER AGILIS 81 


by the use of shaken and nonshaken cultures and by 
varying the amount of liquid in each vessel. An effective 
aeration rate of 0.038 mm Oz per L per min was found 
to permit rapid oxidation and was adequate to support 
the population that developed when the energy supply 
is of the order of 35 ppm nitrite nitrogen. Increasing 
the aeration to 0.30 mm Oz per L per min did not 
significantly alter the growth pattern. When O»2 was 
limiting, levels of 0.018 mm Oy per L per min being 
inadequate for rapid proliferation, multiplication was 
retarded and was apparently governed by oxygen 
diffusion. It is interesting that excessive aeration 
(1.43 mm Os» per L per min) prolonged the lag period 
although the subsequent nitrification proceeded readily. 

If the effect of hydrogen ion upon the bacterium is 
measured by determining the Os consumed with 
nitrite as substrate, it is noted that N. agilis can 
respire within a wide pH range, from 5.5 to 9.8 (figure 
1). The results demonstrate that alkaline conditions are 
optimal for the bacterium, and the greatest oxygen 
uptake was recorded at pH 8.0 although the respiratory 
rate was still high at pH 7.0 and 8.5. 

The rate of nitrite oxidation was not affected by the 
presence of 500 ppm nitrate-nitrogen initially in the 
culture fluid, but concentrations of 1000 to 2000 ppm 
prolonged the lag period whereas no nitrification oc- 
curred if 5000 ppm nitrate-nitrogen were present at the 
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Figure 1. Influence of pH on the oxidation of nitrite. The 
manometer vessel contained 0:3 ml cell suspension, 5 um MgSO,, 
10 um KNO: and 50 um buffer. Phosphate was the buffer below 
pH 8.0, tris(hydroxymethyl)aminomethane at 8.0 to 9.0 and 
carbonate above pH 9.0. 
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time of inoculation. The addition of 2000 and 5000 ppm 
to active cultures, however, did not lead to a significant 
depression. Thus, it is apparent that the accumulation 
of nitrate does not interfere with the process of nitrite 
oxidation by these microorganisms. 

To assess the need for surface adsorption for de- 
velopment of these chemoautotrophic — nitrifying 
bacteria, growth of N. agilis in clear media and in 
solutions supplemented with 1.0 per cent CaCO; were 
compared. The organisms grew with no detectable 
response to the presence of the particulate substances. 
These results are in agreement with data reported for 
the bacteria catalyzing the first step in nitrification 
(Engel and Alexander, 1958). 

In spite of the strictly chemoautotrophic nutrition 
of the nitrifying bacteria, various organic substances 
have been reported to have a favorable effect sug- 
gesting thereby a possible nutritional inadequacy. 
Experiments were performed to study the influence of 
a number of vitamins and amino acids on N. agilis. 
The results recorded in table 2 show that thiamine, 
pyridoxine, riboflavin! and biotin had no effect on 
oxygen uptake with nitrite as substrate. Similarly, 
glutamic acid, histidine, threonine, valine, isoleucine, 
lysine, methionine, phenylalanine, tryptophane and 
arginine at concentrations of 30 to 400 wg per ml and 
casamino acids at a concentration of 1.7 mg per ml did 
not stimulate oxygen consumption. 

Although the natural substrate for soil nitrification 
is ammonium, laboratory and field data has shown 
that nitrite accumulates in alkaline soils treated with 
ammonium salts or ammonium-forming materials. The 
effect of ammonium as a potential inhibitor was 
investigated by including it in media inoculated with 
N. agilis. As little as 10 ppm ammonium-N suppressed 
the bacterium. For example, cultures without am- 
monium completely oxidized 45 ppm nitrogen in 4 
days whereas 10 days were required to nitrify the same 
amount in the presence of the ammonium salt. The 
inhibition was more pronounced in the presence of 
20 ppm of ammonium, and the reaction required 17 


TABLE 2 


Effect of vitamins on the oxygen uptake by Nitrobacter agilis 


’ Vitamin ere 

Treatments Cieniabeatene Oe Uptake 
ug/ flask pL/hr 
eee —_ 216 
Thiamine... ee 50 222 
Pyridoxine eee ies 50 213 
Riboflavin we 50 210 
Biotin.... ; Sec adn Fe ; 50 204 


Each Warburg flask contained 0.3 ml of a cell suspension 
equivalent to 0.211 mg nitrogen. The other reactants in the 
vessel are: 50 um phosphate, 20 um nitrite and 5 um of magne- 
sium sulfate. 


[VoL. 8 


days. At 50 ppm NH,-N, the oxidation proceeded 
very slowly and only 40 per cent of the substrate was 
transformed by the 17th day after which no further 
conversion took place. Concentrations of 100 ppm 
ammonium-N completely prevented growth initiation, 

The toxicity of various concentrations of ammonium 
upon oxygen uptake was determined at various pH 
levels by use of nonproliferating cell suspensions. A 
pronounced inhibition was noted at pH 9.5 (figure 2) 
with as little as 0.3 wm suppressing the transformation, 
Greater concentrations of the NH, produced a more 
marked depression, the rate being reduced 28, 57, and 
70 per cent by 0.3, 1.0, and 3.0 um per reaction vessel, 
Respiration was not affected at pH 6.0 and 6.5 nor at 
pH 7.0 with 5 ym ammonium per reaction vessel, and 
concentrations of 10 wm depressed oxygen uptake at 
the latter pH by only 9 per cent (table 3). At pH 7.5, 
the toxicity was greater and the inhibition became 
magnified with increasing alkalinity and greater 
inhibitor concentration. The suppression was most 
pronounced at pH 9.5 with an 82 per cent inhibition 
in oxygen uptake. 
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Figure 2. Inhibition of nitrite oxidation at pH 9.5 by ammo- 
nium sulfate. 


TABLE 3 


The effect of ammonium at different pH levels to Nitrobacter agilis 





Inhibition at Different Ammonium Concentrations 





pH i lasing ella eit teee _ 
5 uM 10 uM 
: % ios piri" : 
6.0 0 0 
6.5 0 0 
7.0 0 9.0 
7.5 17 | 17 
8.0 19 30 
8.5 28 41 
9.5 82 82 


The reaction vessel contained 0.3 ml cell suspension equiva- 
lent to 0.221 mg N. Other reactants as in figure 1. 
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The toxicity is not concerned with the nitrite- 
oxidizing enzyme per se since ammonium added to cell 
extracts incubated at pH 9.5 did not reduce the for- 
mation of nitrate from nitrite. This was determined by 
incubating 0.5 ml extract containing 0.28 mg_ cell 
nitrogen with 5 to 50 um of ammonium in a system 
containing 58 ppm nitrite-N, 100 yum phosphate, 5 
uM ferric iron in a volume of 5 ml. The lack of an 
ammonium inhibition to the nitrite-activating enzyme 
system is in striking contrast to its influence upon the 
intact organism. 


DISCUSSION 


The rate of nitrite oxidation by N. agilis is not 
significantly affected by substrate levels up to 400 
ppm nitrogen, but a lag is present where the oxidizable 
compound is present in large amounts. Once the 
culture is in the logarithmic phase, it will tolerate high 
nitrite with no influence on the rate of proliferation. 
The effect of nitrite is thus one of retarding the initi- 
ation of growth, results similar to those obtained in 
soil (Stojanovie and Alexander, 1958). Using a tech- 
nique of successive addition, the magnitude of the 
autotrophic nitrate formation can be increased to very 
high levels. 

The results demonstrate that the optimal nutrient 
level is approximately 5 ppm for both phosphorus and 
magnesium whereas the iron requirement seems to be 
about 0.005 ppm. However, the iron content of the 
purified medium was still adequate for appreciable 
nitrification so that the optimum level is probably 
somewhat higher. These data are in contrast to the 
findings of Meiklejohn (1953) who reports an iron 
requirement of the same order of magnitude as the P 
and K levels. The data of Meiklejohn likely result from 
reactions with the CaCO s present which make most of 
the iron unavilable to the microorganisms. Zavarzin 
(1958) has found a beneficial effect of molybdenum on 
Nitrobacter sp. postulating from this that a molybdo- 
flavoprotein is concerned in the energy yielding reaction 
of these autotrophs. Similar findings have been ob- 
tained with N. agilis. 

Neither B vitamins nor amino acids stimulated the 
organism at the concentrations used. This is further 
evidence in support of their striétly autotrophic 
nutrition. Although stimulation of growth by different 
organic substances has been reported, it seems likely 
that such observations may be the result of nonspecific 
physical or chemical effects in suboptimal conditions 
rather than a physiological stimulation. Lack of 
stimulation by amino acids has also been demon- 
strated for a Nitrosomonas sp. (Gundersen, 1955). 

The phenomenon of ammonia toxicity was first 
investigated intensively by Meyerhof (1916b) who 
demonstrated a marked inhibition of a Nitrobacter 
strain, presumably N. winogradskyi, by ammonium 


salts and a number of aliphatic and aromatic amines. 
Similar suppressive influences have been reported for 
other Nitrobacter isolates (Boullanger and Massol, 
1903; Bémeke, 1950) so that the action of ammonium 
salts in alkaline environments seems to be a generic 
property which is clearly of great ecological significance. 

In soil, the rate of ammonium oxidation is largely 
independent of its concentration over wide ranges, but 
nitrite accumulation becomes more pronounced with 
greater ammonium applications suggesting that the 
toxic effect of ammonium is upon the second step of 
nitrification, that catalyzed by Nitrobacter species 
(Stojanovic and Alexander, 1958). The present work 
demonstrates that N. agilis is indeed highly: sensitive 
in vitro to low concentrations of ammonium. In soil, 
more ammonium is required to depress the nitrite 
oxidation than in pure culture of the bacterium, a fact 
resulting at least in part from chemical adsorption of 
the applied nitrogen. The observed relation of pH to 
toxicity indicates that the two factors involved in the 
nitrite accumulation during the nitrification are 
alkalinity and substrate concentration. Since the 
pattern of inhibition closely parallels the shift in the 
ammonium-ammonia equilibrium towards the latter 
compound, it is likely that free ammonia is the active 
principle. 


SUMMARY 


A study has been made of the nutrient requirements 
for growth of Nitrobacter agilis. Nitrification by the 
bacterium proceeds readily only when nitrite is supplied 
at low levels initially, but high substrate concentrations 
‘an be added to exponentially growing cultures without 
significant toxie effects. The end product of growth, 
nitrate, is likewise without influence upon actively 
proliferating cultures. The requirement for phosphorus, 
magnesium, and iron have been established. 

Ammonium salts are selective inhibitors of nitrite 
oxidation by intact cells of N. agilis, the effect being 
apparent only in alkaline solution. The toxicity 
decreases with increasing hydrogen ion concentration. 
The oxidation by cell extracts was not retarded under 
similar conditions. 
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The separation of bacterial cells from the growth 
menstruum is a routine operation which continues to 
demand more than its fair share of effort from workers 
in such fields as physiology, immunology and cytology. 
Preparation of “clean” cell suspensions by centrifu- 
gation is arduous and yields are often low. 

The observation that masses of cells collected in the 
foam above the liquid level in fermentors led Boyles 
and Lincoln (1958) to use vigorous aeration of the 
culture medium after growth as a means for removing 
and concentrating spores of Bacillus anthracis. Quanti- 
tative estimates of the degree of separation and/or 
concentration were based on viable counts. Success in 
separating spores of Bacillus cereus T (formerly called 
Bacillus cereus var. terminalis) from autolyzed culture 
by frothing was reported by Black et al., (1958). 

The concept of the separation of particles in liquid 
by foaming has long been known in the field of mineral 
engineering, and is the basis for “flotation” processes. 
Flotation studies on minerals have provided, in ad- 
dition to rapid, efficient separation techniques, much 
basic information concerning the structures and surface 
configurations of mineral particles. Flotation testing of 
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Bacillus subtilis var. niger was undertaken because of 
the possibility that such investigation might lead to 
the development of methods for separating and concen- 
trating bacterial cells, and might also provide a new 
tool for studying the composition and molecular orien- 
tation of cell surfaces. 

This paper presents the results of some initial flo- 
tation testing with B. subtilis var. niger related to the 
development of two assay techniques for the evaluation 
of flotation tests. One assay is based upon a chemical 
analysis for a constituent of spores, pyridine-2 ,6-di- 
carboxylic acid (dipicolinie acid); and the other assay 
is based upon a procedure in which cells, spores, and 
other particles are visually counted. 


DESCRIPTION AND DISCUSSION OF FLOTATION 


Definitions. Flotation may be defined as a process 
for separating finely divided solids from each other 
(Gaudin, 1957). The solids are suspended in water 
through which gas bubbles are caused to flow. Sepa- 
ration takes place when particles of one type adhere 
to gas bubbles and are carried to the top of the liquid 
as a froth, whereas particles of other types adhere to 
the liquid and remain in suspension. 

That product of a flotation operation which contains 
the valuable or preferred constituent is called the 


“concentrate” (C) and usually is the froth or “float.” | 


The other product contains the worthless constituent 
and is called the ‘tailing’ (7) which usually is the non- 
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float. The initial suspension, which is divided by the 
flotation operation into the concentrate and tailing, is 
called the ‘“‘feed” (F). The relationship which these 
three products bear to one another is expressed by the 
equation : 


F=C+T (1) 


This assumes no loss or gain in any component during 
flotation—an assumption that is valid for most systems. 
This relationship may be applied to include the volumes 
and weights of the three products as in equation (1), 
or it may be applied to any one constituent, for example 
to the spore content in the form 


Ff = Ce + Tt (2) 


In this equation the lower-case letters denote the assay 
or percentage content of the component of interest in 
each of the products denoted by capital letters. The 
assays can be expressed on a weight per unit volume or 
weight per unit weight basis. 

Equations (1) and (2), which are balance-of-materials 
relationships, are basic to any quantitative expression 
of the separations achieved. 

Indices for evaluation. In flotation, as in any physical 
separation process, evaluation of the effectiveness of 
the operation requires the quantitative measurement 
(or assay) of either the preferred or unwanted con- 
stituent in a product, or, better still, of both. These 
assays are translated into ratios or indices which make 
clear the degree of success in separation. Two indices 
of effectiveness commonly used in flotation are ‘‘grade”’ 
(or purity) and “recovery.” The grade expresses the 
number of parts of a constituent per hundred parts of 
dry product, for example, a concentrate containing 2 g 
of spores and 3 g of other solids would have a grade of 
40 per cent. The recovery is the percentage of the total 
amount of a constituent from a feed which is found in 
a product or 


100 Ce . 

2 = = (3) 
Ff 

A flotation test cannot be evaluated unless both 
recovery and grade are measured. A feed containing 
10 g of spores and 1 g of vegetative cells might yield a 
concentrate containing 9 g of the spores, and the test 
would be judged a success from the standpoint of re- 
covery. But if the concentrate also contained 0.9 g of 
the vegetative cells, the grade has not been altered. 
Since the object of flotation is the separation of solids 
from each other, the analysis of a flotation test should 
be made on the basis of both grade and recovery. 

Equations (1) and (2) assume that during the sepa- 
ration there is neither increase nor decrease in the 
quantity of any component or in the sum of the com- 
ponents of the system. This is true of inanimate systems 
but it can be far from true in living systems where 
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new organisms are born and others die. In particular, 
they are likely to fail in microbiological systems where 
the life span is short, especially if the results are evalu- 
ated on the basis of viability tests only. This is because 
the separation operation may well include the use of 
reagents that may be toxic or inhibitory to bacteria so 
that their viability or germination will be affected. In 
such cases output will not equal input and recovery 
calculations may be greatly in error. All this makes it 
highly desirable to develop assay methods that do not 
depend on viability, and to use these methods in ad- 
dition to viability assays. 

The two assays to be described here are independent 
of viability, permit close balances of materials, and 
agree well with each other. 


MATERIALS AND METHODS 
Materials 


Media and preparation of cultures. The organism 
used throughout this study was Bacillus subtilis var. 
niger. Spore concentrates were obtained from the U. 8. 
Army Chemical Corps, Fort Detrick, Frederick, 
Maryland, or were produced at Massachusetts Insti- 
tute of Technology (M.I.T.). Spores from Fort Detrick 
were grown in a casein hydrolyzate medium (Boyles and 
Lincoln, 1958) in metal fermentors and, after autolysis, 
were harvested by centrifugation at 50,000 x g. The 
spore concentrate, or paste, was shipped both frozen 
and unfrozen, with and without an additional washing 
operation in the centrifuge. Freezing was accomplished 
by extruding the paste into an acetone-Dry Ice bath. 
Frozen preparations were stored at —20 C, whereas 
unfrozen preparations were kept at 4 C. Frozen prepa- 
rations contained about 50 X 10!° viable spores per g 
of dry wt. 

Spores were grown at M.I.T. on a medium containing 
Sheffield HY Case-SF (BBL),‘ 1 g; glucose, 2.5 g; yeast 
extract (Difco),> 5g; MnSO,, 0.1 g; FeSO,, 0.001 g; 
CaCls, 0.05 g; and agar, 30 g in 1 L of tap water at 
pH 6.8. Pyrex baking dishes measuring 834 x 1314 
x 114 in. fitted with 1/¢ in. thick aluminum covers were 
used as incubation vessels. Each vessel contained 500 
ml of medium. Incubation was at room temperature 
(26 to 30 C) for 5 days, at which time sporulation and 
autolysis were essentially completed. Spores were 
washed off the agar surfaces with distilled water, and 
resuspended in cold distilled water. If further washings 
were desired, they were carried out using a Servall® 
Model A centrifuge operated at 5000 X g. 

Yields were of the order of 32 to 35 X 10!° cells per 
vessel, of which about 5 per cent were heat sensitive. 

Viability studies. Plate counts were made by the 
spread plate technique, using a glass rod to spread 0.2 

4 Baltimore Biological Laboratories, Baltimore, Maryland. 

5 Difco Laboratories, Inc., Detroit, Michigan. 

6 Ivan Sorvall, Inc., Norwalk, Connecticut. 
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ml of inoculum over the surface of a dry agar medium. 
Plates were poured and incubated at 34 C for 24 hr prior 
to inoculation. The medium was that of Church e¢ al., 
(1954) for Bacillus globigit. Dilutions were made in tryp- 
tose-saline containing tryptose, 1 g, and NaCl, 5 g per L 
of distilled water. Dilutions were plated in quintuplicate 
and counts were made after 24-hr incubation at 34 C. 

The calculation of vegetative cells was made by sub- 
tracting the number of cells viable after exposure to 
65 C for 30 min from the total count. 

Preparation of flotation feeds. Flotation feeds were 
prepared by dispersing either the spore paste or spore 
suspension in distilled water. Dispersion was ac- 
complished by means of a malted-milk mixer. The pulps 
generally contained from 1 to 4 g of spore solids per L. 

Flotation cells. Flotation experiments were carried 
out, for the most part, in either a pneumatic cell or a 
small-volume subaeration cell. Although the design of 
the flotation cell may have an effect upon the test 
results, it is considered pertinent here only to note the 
basic features of a flotation cell of the types used, and 
to leave a more complete description of the apparatus 
to a later publication. Several hundred milliliters of 
suspension is agitated in a small vessel, while air is 
introduced into the liquid at the rate of several L per 
min. The froth which forms is collected as it overflows 
the vessel. 

Analysis for dipicolinic acid (DPA). The procedure 
of Janssen et al. (1958) was followed, with the samples 
being autoclaved in 10-ml amounts in 25-ml Pyrex 
graduated cylinders. Following the addition of the 1N 
acetic acid, the meniscus was readjusted by the addition 
of distilled water to compensate for loss of volume 
during autoclaving. A color standard containing 100 ug 
of a,e-diaminopimelic acid (DPA)? per ml was used. 
Optical density was measured in a Bausch and Lomb’ 
Spectronic 20 spectrophotometer at 440 mu. The weight 
of sample was determined after evaporating to dryness 
a measured volume (usually 20 ml) of suspension in an 
oven for 24 hr at 86 C. 


Methods 


Assay for spores based upon their DPA content. A 
number of workers have demonstrated that the devel- 
opment of heat resistance in bacterial spores is ac- 
companied by the appearance of DPA (Collier and 
Nakata, 1958) and that the compound is not present 
in vegetative cells (Powell and Strange, 1953). Values 
reported for DPA range from about 4.3 per cent of the 
dry weight for Bacillus cereus (Janssen et al., 1958) to 
as high as 12 to 15 per cent for Bacillus megatherium. 
(Faleone, 1954). If the dry weight percentage of DPA 


7 Purified DPA was obtained from Aldrich Chemical Co., 
Ine., Milwaukee, Wisconsin. 
8 Bausch and Lomb Optical Co., Rochester, New York. 
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TABLE 1 
Balance of weights and DPA* 


| | ons ae | aed | Total 
| Volume] Wt of | Solids | DPA/| DPA 


Product — bevnem jin Prod-| | mlt in Prod- 
| } uct | uct 
ml mg g ial ug 
OS Ee ea ae a GOOEM 1750 | 2.02 | 3.535) 43.7 | 7648 
-_ 
Concentrate................| 260 | 2.78 | 0.723] 75.7 | 1968 
MMRERRNNNE hy ores td fiesta ap ..| 1490 | 1.85 | 2.757) 38.5 | 5737 


Calculated Feed (Concen- 
trate + Tailing)...... .| 1750 | — | 3.480; — | 7705 


* From flotation test No. 5. 
+ DPA = a,-diaminopimelic acid. 


in a spore preparation is known, an assay for DPA then 
becomes an assay for spores. Let 


A = weight of DPA per unit weight of spores 

B = weight of DPA per unit weight of vegetative 
cells and other nonspore constituents, collec- 
tively termed ‘“‘debris”’ 

C = weight of DPA per unit weight of sample of 
unknown composition 


w = weight of unknown sample 
x = weight of spores in the unknown sample 
y = weight of vegetative cells and debris in the 
unknown sample 
Then, 
Ax + By = Cw 
r+y=w 
Solving for x, the following equation is obtained: 
_ w(C — B) (5) 
(A — B) 
Where B = 0, the equation becomes: 
r= w- (6) 


A 


To use the measurement of DPA as an assay for 


spore material, it is necessary to determine A for each § 


harvest or batch of spores, and w and C for each test 
sample. Spore suspensions approximately 98 per cent 
pure were obtained by differential centrifugation after 
15 washings. The DPA content was found to be 5.19 
per cent. A preparation consisting entirely of vegetative 


cells and debris, similarly prepared, showed no meas- § 


urable DPA. Cell suspensions which contained large 
numbers of sporelike bodies, but which had no heat 
resistance, also showed no DPA. 

A convenient work sheet was developed to facilitate 
the calculations for analysis, and to make possible 
calculations for balance of materials. A representative 
balance of materials is shown in table 1. This shows 
that output of solids was 98.4 per cent of the input, 
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Figure 1. Apparatus for spraying sample on microscope 
slides. 


whereas output of DPA was 100.7 per cent of the 
input. 

Assay for spores and vegetative cells based upon a 
counting method. A direct counting method by which 
assays of tomato bushy stunt virus were carried out 
has been reported by Backus and Williams (1950). 
The method involved spraying suspensions containing 
mixtures of polystyrene beads (in known concentra- 
tion) and bushy stunt virus (in unknown concentration) 
on electron microscope grids, and determining the 
ratio between the two types of particles. Since the 
concentration of beads was known, the concentration 
of virus could readily be calculated. 

An adaptation of this technique, in which a small 
volume of sample was placed with a micro-dropper 
on the surface of an electron microscope grid and 
photographed, was abandoned when it was learned that 
the particles concentrated at the periphery of the 
droplet as it dried. Furthermore, because of the larger 
size of the particles being used, many more fields must 
be observed in the electron microscope if statistically 
significant numbers of bacteria are'to be counted. 

The procedure which was finally adopted consisted 
of mixing the sample with an aqueous dye solution 
and spraying it on clean microscope slides, where the 
droplets dried as circles almost instantaneously, with 
no noticeable distortion in the arrangement of particles. 

|. Equipment. The spray apparatus consisted of a 
tank of nitrogen equipped with a pressure regulator, 
a14-in. spring-loaded needle valve, a glass nebulizer, 
pressure tubing, and a few support rods and fittings. 
Figure 1 shows the assembled apparatus. The glass 
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Figure 2. Frequency distribution of dried droplets 


nebulizer or “gun’’® is the most critical piece of the 
apparatus and is drawn to scale. 

Microscopic examination of the slides was made with 
a Bausch & Lomb binocular microscope, mounting a 
97X Bright M phase contrast objective (N.A. 1.25) 
and 15X compensated wide lens eyepieces. A green 
filter was used. The magnification was roughly 1450. 

2. Procedure. Three volumes of flotation product 
were mixed with one volume of 4 per cent aqueous 
methylene blue and one volume of polystyrene bead 
suspension.'® The bead suspension as used contained 
5.33 X 10° beads per ml, and the avg bead diameter 
was 1.171 yw. The target slide was fixed at a distance of 
20 in. from the gun, and the mixture was sprayed at a 
gas pressure of 30 psi. A spray period of 2 to 5 sec 
sufficed to give a good circle density on the slide. 
Circles were viewed as they appeared in the microscope 
field, no attempt being made to select them. In pre- 
liminary studies the diameter of the circle was measured 
by means of an ocular micrometer, and the number of 
particles within the dried droplet was recorded. 

3. Distribution of droplet sizes. Information con- 
cerning droplet-size distribution is to be found in 
Nukiyama and Tanisawa (1939); Kolupaev (1941); 
and Bevans (1949). Figure 2 shows a distribution 
curve for 1000 circles obtained in our laboratory. For 
this illustration, the circles have been grouped according 


® Obtained from Mr. L. H. Hinman at Cornell University, 
Ithaca, New York. 

10 Kindly furnished by Dow Chemical Co., Midland, Michi- 
gan. 
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to categories of circles of which the diameters are in 
arithmetic progression. This curve bears close resem- 
blance to that obtained by Nukiyama and Tanisawa. 

4. Distribution of particles relative to liquid. Samples 


TABLE 2 
Spray-count assay 





Raiio of beads to spores as a function of droplet volume 
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in which the suspended particles were simultaneously 
spores and beads were sprayed. The avg number of 
spores and beads was determined for circles of the 
same size, and the ratio of beads to spores was es- 
sentially constant, as shown in table 2. Vegetative 
cells and debris particles also distribute themselves 
without regard to the volume of the droplets. 

5. Ratio of number of beads to volume of sample. 
A suspension of beads was mixed with aqueous methy- 





















































Circle Diameter | ¢ Ave No of | curtis | eee lene blue such that the final concentration of the beads 
——__—_—————| was 4.28 X 10° beads per ml. After spraying, 500 
# | . . 
| circles were measured, and the number of beads 
27.8 2.96 8.5 | 2.87 r aor of hee 
30.5 3.77 10.15 | 2.67 each was counted. The average number of beads per 
33.3 4.30 11.6 2.20 100 circles was 886, thus the average volume repre- 
36.0 4.22 13.4 | 3.17 sented by 100 circles was 886/(4.28 X 10°) or 2.07 xX 
38.9 5.27 15.300 | 2.90 10-7 ml. After counting the number of beads, spores, 
7.¢ | e ° . 
“ee ve a | a0 cells and fragments in 100 circles (and assuming 886 
. ade 4.4 | ° Ar ° 
beads) it is only necessary to multiply each number by 
TABLE 3 
Spray-count assay 
Calculation of spores in flotation products, based upon counts of beads and spores in 200 circles 
| l “ 
| Per Cent Recovery 
: | | | Sporesper | s 1 | Total S { Spores by: 
ins a Product Product Volume og, Lond | Spore er | Samael of Product | in Product cea 
| | | for Volume) | Spray count DPA 
| ' 
| ml | | 
96D F 345 | 1691 | 704 | 738 29.83 | 102.87 a ™ 
C 56 + 18 ml | 1530 | 1733 2007 107.18 | 59.95 58.3 59.0 
water* | | 
T 289 | 1678 357 377 15.23 | 44.09 — — 
C+T | 345 | | | 104.04 
96E F 345 | 1627 703 766 30.96 | 106.71 — —_ 
Cc | 66+ 8.5 ml 1513 1217 1425 65.03 | 42.92 40.2 39.6 
water* 
279 | 1691 543 569 23 .00 64.13 —_ — 
a —_—— 
C+ T 345 | 107.05 | 
* Water added to wash out collection vessel. 
TABLE 4 
Materials balances obiained with the DPA assay; effect of pH 
upon balances 
Initial pH of . | DPA in Con- | — | DPA in on TABLE 5 
— BOA te Peed | centrate -_— iietenes erraiing Material balances obtained with the DPA assay; effect of reagent 
addition upon balances 
mg | mg mg mg ~~ 
3.05 | 0.338 | 0.319 0.014 | 0.333 eine i (imate | enn. | renee 
3.90 0.387 | 0.267 0.067 | 0.334 Reagent Added ey Concen- Tailing | tate 
5.05 0.383 0.220 0.134 | 0.354 | Tailing 
6.00 0.367 | 0.192 0.173 | 0.365 | 
7.06 0.353 | 0.138 | 0.211 | 0.349 | mg | ome | omg | omg 
7.88 0.394 | 0.148 | 0.252 | 0.400 Gi AOE Gt MENG oo 5c 6s | 0.364 | 0.350 0.045 | 0.395 
9.02 0.247 | 0.079 | 0.159 | 0.238 di-n-Hexyl amine............. 0.355 | 0.188 | 0.176 | 0.364 
10.00 0.355 | 0.188 0.176 | 0.364 RNG ONIN os sin vec aici seas | 0.673 | 0.396 | 0.291 | 0.687 
11.00 0.277 =| 0.111 | 0.181 | 0.292 eer 0.290 | 0.138 | 0.149 | 0.287 
11.92 0.377 | 0.171 | 0.207 | 0.378 Ootanoie wend’... 5. 20626555 0.298 | 0.123 | 0.179 | 0.302 
| 1 | | ! 
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4.83 X 10° (the reciprocal of 2.07 * 10-7), to get the RESULTS 
number of spore cells and cell fragments per ml of 
suspension as sprayed. To convert these numbers to 
particles per ml of product, a correction must be made 
for dilution of the product with dye and bead sus- 
pension. In this case every number must be multiplied 
by 54. 

Since the mean droplet diameter is affected by the 
surface tension, viscosity, and density of the material 
being sprayed, the sizes of dried droplets will differ 
for feed, concentrate, and tailing. To compensate for 


Dipicolinic acid assays. The DPA assay has been 
used for calculating results in over 100 flotation tests 
with satisfactory balances of materials. As shown in 
tables 4 and 5, the assay is very little affected by drastic 
pH variation in the flotation feed, or by the addition 
of various flotation reagents. 

In a limited number of tests, where calculations were 
made by both the viable count and DPA assays the 
two methods showed fair to good agreement with 


























this volume difference, equal numbers of beads are 100 — 
taken as representing equal volumes of sample. In ce 4 F 
the examples given in table 3 the adjustment of volumes 90}— 
is made such that comparison is made between the i 
number of spores in volumes of 1772/(4.28 X 10°) = 
or 4.14 X 10-7 ml from each product. Correspondence a 6 
between recovery of spores calculated by this method 
° z 70|— 
and by the DPA method is excellent. Material balances * x 
are usually within 2 per cent. S 
3 60}— 
. . 4 x 
TABLE 6 a — 
Comparison of spore recoveries in the concentrate as calculated s 50}+— 
by the DPA and spray-count assays 2 i x 
| Ea Pa s 
Per Cent Recovery of Spores in Concentrate by: . 40}— yi 
Test No. = —_ae $ a x 
DPA assay Spray-count assay 3 as 
—_—— ~ a a a E 3sO;— x 
103-A-5 59.5 59.6 oF 
103-B-4 91.9 92.2 ET RNG: ee 
103-B-5 52.4 53.4 20/— Germinated Spores O——o 
103-B-6 16.9 | 43.5 € ee ae. Se 
103-B-7 30.7 32.5 10 
103-C-5 54.3 51.5 
103-D-5 45.0 42.0 
103-Ii-4 32.9 26.7 ie) 2 4 6 8 10 12 14 16 
103-E-5 38.8 34.0 Time of Flotation (minutes) 
103-E-6 45.2 40.8 2 ; 
103-E-7 30.7 30.3 Figure 3. Cumulative per cent recovery of dormant spores, 
103-F-5 29.6 | 27.6 germinated spores, and vegetative cells in function of flotation 
ee 5 a | time. 
TABLE 7 


Cumulative per cent flotation recovery of dormant spores, germinated spores, and vegetative cells as a function of time. Butyric acid 
added to feed as flotation reagent with resulting pH of 5.05 





| 
Germinated | 

















| Dormant Total Total | Vegetative Total Cumulative per cent Recovery of: 
Tj Product | 5Potes per | Dormant | Spores per |Germinated| Cells per | Vegetative | 
I amd | Product Vol me | galas Sporesin | mlof | Spores in | ml of Cells in } 
Paver: | Beata 1| Product Product Product | Product | Product | Product Dormant Germinated | Vegetative 
} X 108 X 10 X10 | XX 10/0 X 108 X 10 =| spores spores cells 
min | eee = 
| 
— | Feed 322 Not assayed : | 100 100 | 100 
0-3 | Concentrate 1 82 26.35 | 21.61 | 10.49 | 8.60 | 18.51 | 15.18 | 29.1 42.0 | 56.8 
3-6 | Concentrate 2 18 28.10 5.06 11.64 | 2.10 | 35.88 6.46 35.89 52.26 | 81.0 
6-9 | Concentrate 3 12 51.56 6.19 22.91 2.75 | 32.98 | 3.96 47.21 65.68 | 95.84 
9-12 Concentrate 4 5 138.70 6.94 46.13 2.31 10.67 0.53 56.53 76.96 | 97.83 
12-15 | Concentrate 5 22 37.39 8.23 7.90 1.74 1.99 0.44 67.63 85.46 | 99.48 
— | Tailing 183 14.41 26.37 1.63 2.98 0.06 0.11 32.37 14.54 0.52 
| Sum of all concen- 322 74.40 20.48 26.68 
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the values for recovery being always slightly higher 
with the DPA method. This occurred probably because 
the DPA method was including nonviable spores as 
well as viable. This conclusion was borne out by the 
fact that when both viable and nonviable spores were 
counted by the spray-count method, values were ob- 
tained which were in agreement with DPA values. 

The disadvantages inherent in the DPA assay are: 
(1) the requirement for at least 1 X 10° spores per 
ml in order to have sufficient DPA for reliable color 
development, and (2) the average DPA content of 
pure spores must be determined for each new batch 
of spore material so that the grades of flotation prod- 
ucts can be calculated. 

Spray-count assays. About 35 flotation tests have 
been analyzed with the spray-count assay. Balances 
of materials have, in general, been good; but some 
difficulty has been encountered in this area because of 
the use of a polystyrene bead suspension which had 
been frozen and thawed, resulting in slight clumping of 
the beads. 

Table 6 shows the agreement between spore re- 
coveries in the concentrate, as calculated by DPA and 
spray-count assays. The average deviation in recovery, 
as calculated by the two methods is about 3 per cent 
recovery units. 

The spray-count method has inherent advantages 
over both the DPA and viable count methods in that 
it (1) permits counting viable and nonviable organisms, 
(2) assays for vegetative cells and germinated spores 
as well as for dormant spores, and (3) should be appli- 
cable to all types of bacteria, not sporeformers alone. 

The use of the spray-count assay to determine re- 
coveries of dormant spores, germinated spores (which 
take up methylene blue) and vegetative cells is shown 
in table 7. The data, when plotted in figure 3, show 
clearly the different rates of flotation for the three cell 
types. It can also be seen that a product, essentially 
free of vegetative cells can be obtained after only 15 
min of flotation. 


ACKNOWLEDGMENTS 
The authors wish to express appreciation to Drs. 
Ralph E. Lincoln and R. 8. Hutton of the U 
Chemical Corps for their support and encouragement 
in the conduct of this work; to Mrs. Dorothy Dais and 
Mr. H. C. Greenlaw, Jr. for their invaluable help in 
setting up methods of analysis, and to Profs. Harlyn O. 


_S. Army 


Halvorson of the University of Wisconsin and James 


[VoL. 8 


H. Brown of Massachusetts Institute of Technology 
for their:helpful suggestions and criticism. 
SUMMARY 

lotation testing of Bacillus subtilis var. niger has 
been undertaken on a systematic basis to gain infor- 
mation on surface properties of the organism, and _to 
develop methods by which separation of cells from the 
growth menstruum can be carried out quickly. 

Two assay methods have been devised to aid in 
evaluating flotation tests. A chemical method based 
upon the dipicolinic acid (DPA) content of spores is 
used for the quantitative determination of spores, 
whereas a direct count method assays for dormant 
spores, germinated spores, and vegetative cells. Data 
are presented to show that the three cell types may be 
made to have different rates of flotation, and that 
vetetative cells can be effectively removed from the 
mixture. 
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Separations of various microorganisms from water 
by flotation have been reported by Boyles and Lincoln 
(1958) and Gaudin (1957). In Part I of this paper 
(Gaudin, Mular, and O‘Connor, 1960) quantitative 
assays for microbiological materials are described and 
results of application of these assay methods to flo- 
tation separations on menstrua of Bacillus subtilis var. 
niger are presented and discussed. 

In this paper, it is shown experimentally that sepa- 
rations can be made, and that the flotation behavior 
of spores and debris of B. subtilis var. niger is dependent 
upon the age of the bacterial components at harvest, 
the content of soluble liquid components in the flo- 
tation feed, the pH of the pulp, the prior heat treatment 
of the flotation feed (if any), and the addition of flo- 
tation reagents. 


EXPERIMENTAL METHODS 


Bacillus subtilis. var. niger spore preparations were 
either shipped direct from the U. 8. Chemical Corps, 
Fort Detrick, Frederick, Maryland, or were grown at 
the Massachusetts Institute of Technology (M.I.T.) 
laboratories using Fort Detrick inoculum. Details con- 
cerning the spore preparations used in this work have 
been presented in Part I of this paper. 


Equipment 


Gaudin (1957) discussed the types of commercial 
flotation vessels which are available. 

In this work, flotation experiments were made with 
either a laboratory Fagergren flotation cell, a pneumatic 
flotation vessel of new design, or a small capacity sub- 
aeration device of modified design. 

Fagergren flotation cell. The description and operation 
of this cell is available in the book by Gaudin (1957). 
Results are reproducible, but the device is limited be- 
cause it is designed for pulps of low frothing tendency. 
Considerable quantities of spore sediment must be 
available if this cell is used since the vessel has a ca- 
pacity of 2.5 L. 

1 This work was done at Massachusetts Institute of Tech- 
nology under contract with the U. S. Army Chemical Corps. 

2 Professor of Mineral Engineering, Massachusetts Institute 
of Technology, Cambridge, Massachusetts. 

® Staff member, Division of Sponsored Research, Massa- 
chusetts Institute of Technology, Cambridge, Massachusetts. 


Pneumatic cell of new design. To facilitate work with 
bacterial pulps of high frothing propensity, a special 
pneumatic cell was designed. This features an ar- 
rangement to permit adjustment of the level of the 
froth to any desired height. A drawing of the complete 
flotation unit is shown in figure 1. The cell, made of 
Pyrex glass, consists of a removable froth column (1), 
connected to a pulp chamber (2) and a concentrate 
chamber (3) by means of 50/50 standard taper-ground 
glass joints. 
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Figure 1. Pneumatic flotation system. (1) froth column; 
(2) pulp chamber; (3) concentrate chamber; (4) Hoke flow 
meter; (5) gas scrubber; (6) back-flow trap; (7) glass frit; 
(8) air inlet; (9) gas reservoir; (10) movable sleeve; (11) water 
manometer; (12) froth collector; (13) air filter; (14) reagent 
feeder. 


For operation, air is passed through a flow meter (4) 
and cleansed of contaminants with dilute aqueous 
KMnQ, inside a gas scrubber (5). A flask (6) in the air 
line stabilizes the pressure and prevents backflow of 
pulp into the scrubber. The clean air enters the pulp 
chamber through a porous glass frit (7) and travels up 
the column as air bubbles. The height of the froth which 
forms is adjusted by regulating the air pressure applied 
to the top (8) of the pulp chamber. Stopcock A is used 
to increase the pressure, and stopcock B to decrease it. 
The large gas reservoir (9) permits making these ad- 
justments gradually. 
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t i 
Figure 2. Four-hundred ml modified sub-aeration flotation 
cell. (1) toggle switch; (2) air inlet; (3) impeller; (4) agitation 
zone; (5) settling zone; (6) overflow lip; (7) opening to settling 
zone; (8) pulp return opening; (9) lucite plastic cover. 


The pulp is agitated by means of a magnetic stirrer 
inside the pulp chamber. To insure that most of the 
pulp will be exposed to the action of air, a sleeve (10) 
is fitted inside the froth column. The sleeve is po- 
sitioned and the pressure is adjusted so that most of 
the pulp eventually enters the froth column during the 
course of a test. A water manometer (11) measures the 
applied pressure which is proportional to the height of 
the aerated liquid in the froth column. The froth which 
overflows into the concentrate chamber is collected in 
an Erlenmeyer flask (12). Air from inside the concen- 
trate chamber flows through a filter (13) to exhaust. 
Samples of nonfloat are taken at point C. When neces- 
sary, reagents are added through a glass tube (14). 

As constructed, this special flotation cell has a ca- 
pacity of 1.8 L. It is believed possible to modify the 
size of the apparatus to make it suitable for handling 
batches as small as 0.5 L or as large as 100 L, or even 
more. 

Small-capacity subaeration cell. Figure 2 is a drawing 
of a subaeration unit designed to handle small volumes 
of pulps of high frothing propensity. It features a froth 
chamber of relatively large volume designed to facili- 
tate froth drainage. 

Essentially, the unit consists of a motor-driven im- 
peller operating in a pulp chamber, with a special air- 
inlet housing. 

The impeller which is mounted on a stand is a malted- 
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milk mixer. The motor has two speeds, 1000 rpm for 
conditioning’ and 2000 rpm for flotation, the speed 
being selected by means of toggle switch (1). 

Air enters inlet (2) because of the negative pressure 
built up inside the housing by the rotation of impeller 
(3) and is dispersed in the agitation chamber. If de- 
sired, the air inlet can be attached to a low-pressure 
source, so as to measure the quantity of air used. The 
vessel, made of lucite, is partitioned to form the agi- 
tation zone (4) and the settling zone (5) where bubbles 
travel upward to form a froth which overflows continu- 
ously (6). The froth zone is broadened upwards to 
permit long froth residence and high opportunity for 
drainage. The agitation zone and the settling zone are 
connected by two openings. The top opening (7) allows 
aerated pulp to travel into the settling zone whereas 
the bottom opening (8) allows return of pulp to the 
agitation zone. The agitation zone is essentially sealed 
from the atmosphere by a close-fitting lucite cover (9) 
which surrounds the impeller, and can be taped in 
position. 

The vessel has a capacity of about 400 ml. Sterilizing 
between tests is accomplished with strong oxidants such 
as sodium hypochlorite solution. 


Procedure 


The choice of a flotation vessel for an experiment 
depended upon the inherent frothing properties of the 
sediment being tested, and upon the quantity of feed 
available. The pneumatic cell was utilized with systems 
which frothed excessively; also when large quantities 
of spore sediment were available. Otherwise the small 
subaeration cell was used. 

A flotation experiment generally required, first, the 
preparation for flotation of a spore suspension of known 
dilution, with or without prior heating, or other 
treatment. The pH of the feed was measured with a 
Beckman’ line voltage pH meter. Conditioning for dis- 
persion or with reagents, addition of frother, and 
sampling of products were additional auxiliary oper- 
ations. 

Assays were calculated by the method of DPA de- 
scribed in Part I of this paper. From assays and weights, 
a material balance was obtained and the grade, re- 
covery, and selectivity index (Gaudin, 1939) were calcu- 
lated. 

In brief, grade refers to the percentage of a given 
component, and recovery refers to the percentage of 4 
given feed component which appears in a product. 
Selectivity index is a number which expresses the over- 
all efficiency of a separation. It can be calculated for 
one component with respect to water. An index of 


‘The uniform dispersion of solids, added reagents, and so 
forth, thus speeding desired surface reactions between solids 
and liquid. 

5 Beckman Instruments, Inc., Fullerton, California. 
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unity denotes lack of separation. The larger the se- 
lectivity index (or its reciprocal), the more efficient the 
separation. 


Results 


Early experiments with Fort Detrick spore prepa- 
rations proved that considerable variation in flotation 
behavior existed according to whether the preparation 
consisted of spent liquor as well as organisms, whether 
it had been washed, and whether the sediment was 
then frozen. To avoid working with spore material of a 
variable nature, spores were grown at M.I.T. This 
provided a flotation feed of reproducible behavior. 

Among the factors which appeared to influence the 
behavior of Fort Detrick spore preparations were, the 
amount of soluble components present, the length of 
time in storage, the heat-shocking of sediment, and the 
freezing of sediment in an acetone-Dry Ice bath. These 
observations were sufficient indication that age and 
soluble liquid components are variables which, along 
with the usual mineral-flotation variables such as 
temperature, pH, and reagents, merit more detailed 
study. 


TABLE 1 
Effect of age at harvest 





| Age in Days 

















Feed solids going to float, %......... | 22 | 16 | 13 | 17 | 16 
Spore assay in feed, % by weight.....| 10 | 41 | 53 | 54 | 65 
Spore assay in float, % by weight....| 9 | 31 | 37 | 34 | 26 
Spore assay in nonfloat, % by weight.| 10 | 43 | 55 | 58 | 72 
Recovery of spores in nonfloat, %. .. .| 79 | 88 | 91 | 89 | 94 
Recovery of nonspores in float, %....| 7 19: | 17} 2) a3 
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Figure 3. Selectivity Index in function of age of Bacillus 


subtilis var. niger spore preparation at harvest. 
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Effect of age at harvest. Tests were made on M.I.T.- 
grown feed in the small cell. Flotation time was 10 
min with air flowing at the rate of 0.5 L per min. Table 
1 gives the results. It shows that: 

1. The spore assay of the float increases with age 
and then decreases, whereas the spore assay of the 
nonfloat increases continuously with age. 

2. The recovery of spores in the nonfloat increases 
with age, whereas the recovery of debris in the float 
first decreases and then increases with age. 

Figure 3 illustrates the variations with age of the 
selectivity index of debris from spores and from water, 
and of spores from water. Initially, combined debris 
behave like water. With increasing age, combined debris 
are more floatable, whereas spores become less floatable. 
At the end of 5 days, combined debris which appear in 
the float are being separated from spores which remain 
in the nonfloat with a selectivity index of about 2.5. 
In this connection, it may be pertinent to recall that 
the DPA assay does not distinguish between debris 
and vegetative cells. The somewhat irregular variation 
in recovery of nonspores with age may actually repre- 
sent different proportions and different flotation be- 
havior of vegetative cells and of the cell debris that form 
on sporulation. 

Effect of soluble pulp components. To investigate the 
effect of soluble liquid components on flotation be- 
havior, M.I.T. spores were harvested at 6 days. 
Portions of the harvest were centrifuged out of sus- 
pension, resuspended in water, and centrifuged again. 
After the desired number of these washes with water, 
the sediment was used for flotation in the small cell. 

Table 2 presents condensed flotation data. It shows 
that: 

1. The soluble-salt content of flotation feeds is much 
greater in the unwashed preparation than in any of the 
washed preparations, which do not differ appreciably 
from each other. 


TABLE 2 
Effect of repeated centrifuging 











0 1 3 5 
Feed concentration, g solids per 
| SERN AD err eater ee 3.8} 2.5] 2.6} 2.3 
Soluble salts in feed, “ of total 
dried ‘pulp... ...:...- eee 32.4) 7.5) 5.5) 5.9 
Froth solid content, g solids per 
BRS oh rte e CA Sek onc 5.7 | 16.0 | 21.1 | 21.4 
Spore assay in feed, % by weight. 49 75 7 75 


Spore assay in float, “ by weight | 37 63 65 60 


Spore assay in nonfloat, © by 


WCRI ie so '4 cans Seo ~ 61 78 77 SO 
Recovery of spores in nonfloat, “¢. 63 82 82 92 
Recovery of nonspores in float, “. 61 31 33 38 
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2. Floats from washed preparations are up to 10 
times as high in solid content as the feed. 

3. In general, the spore assay of the float is lower 
than that of the nonfloat, but the difference is small. 

With the decrease in soluble salts due to washing, 
the ability of the froth to drain improves so that a 
watery float is avoided. Figure 4, in which various 
selectivity indices are plotted in function of the number 
of washings, shows that less water appears in the float 
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Figure 4. Selectivity Index in function of the number of 
washings to eliminate soluble pulp components. 
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.@) 40 80 120 160 200 240 280 
Time of Heating, minutes 
Figure 5. Spore recovery and grade of float as a function of 
time of heating at two temperatures. Flotation times held 
constant at 7 min in a Fagergren cell, and aging time after 
heating and before floating held constant at 30 min. 
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from increasingly well washed feed, whereas the se- 
lectivity index for debris to spores remains constant, 
In other words, the efficiency of separation of solids 
from water increases as the soluble-salt content de- 
creases but no improvement is shown in the separation 
of the bacterial components of the pulp. 

Effect of prior heating of spore suspensions. Work with 
Fort Detrick spore preparations proved that heating a 
spore suspension and then cooling to room temperature 
prior to flotation induces spores and other solids in 
pulps to float, although concentrates of outstanding 
quality were not obtained. 

Figure 5 is a plot of float spore grades and recoveries 
against duration of pre-heating at two temperatures 
(65 C and 75 C). The results are from tests made in the 
Fagergren cell using unwashed, frozen, centrifuged 


TABLE 3 
Effect of pH changes 


(acid range) 


Feed pH after adjustment... ...| 7.1) 6.1| 5. 

Float concentration, g_ solids | | | 
per L... 4.8 5.5) 5.6) 9.2/23.016.¢ 

Nonfloat concentrate, g solids | | | 
per L. | 1.5] 1.3) 1.0 0.8) 0.5) 0. 

Feed solids going to float, %....|22 /82 |53 |55 (69 (93 

Spore assay in float, % _ by | | 
weight 

Spore assay in nonfloat, % by | 
weight 

Recovery of spores in nonfloat, | 
me 

Recovery of nonspores in float, | | 
_ ae 36 9 |70 |90 

Selectivity index, debris from | | | 
MMR oo ods anaes cages eee | 1.2) 1.5) 1.5) 1.3) 1.1) 0.42 





Spore assay of feed averaged 26 per cent. 


TABLE 4 
Effect of pH changes 


(alkaline range) 


| 
Feed pH after adjustment 7.9 9.0} 10.0) 11.0) 11.9 
Float concentration, g solids per 
L. ore 3.0) 
Nonfloat concentration, g solids 
per L.. ere 
Feed solids going to float, % 
Spore assay in float, % _ by 
weight Pee 
Spore assay in nonfloat, “% by 
weight. . rat ch 
Recovery of spores in nonfloat, 
c i , ee 
Recovery of nonspores in float, 
c 
Selectivity index, debris from | 
spores ve peashs 1.6 


Spore assay of feed averaged 64 per cent. 
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spore sediment. The figure shows that recovery in- 
creases with increasing time of heating and with in- 
creasing temperature. After an initial sharp increase, 
grade decreases with increasing time of heating. In- 
creasing the temperature decreases the grade. 

Just why spores become more floatable after they 
are heated has not been ascertained. Direct weights of 
evaporated residues show that the liquid part of spore 
suspensions after heating contains from 50 to 100 per 
cent more soluble components. This is in accord with 
the findings of Powell and Strange (1953) and Fitz- 
James (1955). Dialysis studies indicate that most of 
these soluble components are of high molecular weight. 
DPA analyses of supernatants heated for 30 min do 
not differ from DPA analyses of unheated supernatants. 
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Figure 7. Recovery of spores and of debris in function of 


pH. 


Apparently, the phenomenon of induced floatability 
depends upon the dissolution of bacterial components, 
or, conversely, the adsorption on the spores during 
heating of unknown components from the liquid. 

Effect of pH changes. Table 3 presents the results of 
a series of flotation experiments with washed spore 
preparations harvested at 5 days in which the pH of 
the feeds was varied with HCI prior to flotation. 

Table 4 is analogous to table 3, except that the pH 
was varied with NaOH prior to flotation. 

Tables 3 and 4 show that: 

1. The grade of spores in the float tends to increase 
with increasing acidity and then levels off. 

2. The grade of spores in the float is not appreciably 
affected by increasing alkalinity, except perhaps at the 
highest level. 

3. The recovery in the float of both spores and debris 
increases markedly with increasing acidity, and is but 
slightly affected by increased alkalinity. 

4. A significant improvement in selectivity index is 
not obtained by changes in pH with the particular acid 
and alkali used. 

Figure 6 shows the variation in the grade of spores in 
the float as a function of pH. The big change in grade 
near the neutral point is not due to pH variations but 
to the use of different lots of organisms for the two 
series of tests. 

The recovery of spores and of debris as a function of 
pH is shown in figure 7. It is seen that essentially com- 
plete recovery of spores and debris as a float product 
is obtainable by suitable pH adjustment, although the 
separation efficiency of spores from debris is poor. Just 
why pH has this effect is not known. 

Amine collectors as bacterial flotation agents. When 
dioctyl amine was added to flotation feeds, essentially 
complete recovery of bacterial components in the float 
was obtained. Table 5 lists some results obtained with 
Fort Detrick spore preparations using various flotation 
devices under the conditions shown. The very high 
recovery of all components conceals the fact that sub- 
stantial differences in floatability may exist. Thus for 
the third test reported in table 5 the selectivity index 
of spores to nonspores is about 5.7, a much higher value 
than obtained in any test reported up to now. This 
suggests that more work is required to assess the values 
of secondary amines, using agents with different chain 
lengths, at different (and especially lesser) concen- 
trations and at various pH environments. Further, 
amines other than secondary amines should also be 
examined. 

Viability tests prove that dioctyl amine in concen- 
trations up to 400 ppm by volume is not injurious to 
spores, but the toxicity of the compound on vegetative 
cells was not studied. 

Fatty acid collectors as bacterial flotation agents. Sue- 
cessful separations of B. subtilis var. niger spores from 
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debris have been obtained with fatty acid collectors. 
Experiments with spores harvested at M.I.T. show that 
compounds such as acetic acid and butanoic acid, 
namely, carboxylic acids, are selective to debris: the 
spores remain in the nonfloat which is therefore con- 
sidered to be the concentrate. Selection in this direction 
is precisely the reverse of that indicated by the very 
sketchy work with amines mentioned in the preceding 
section. 

Table 6 shows some flotation results on M.I.T. spore 
preparations using propanoic, hexanoic, and octanoic 
acids as collectors for debris. The tests were conducted 
in the small cell and assays were by DPA. 

These tests show that the selectivity improves with 
a shorter chain acid as the addition of acid is increased. 
This effect is not obtained with octanoic acid, and it is 
obtained to a slight extent only with the 6-carbon acid. 
In the tests shown, the addition of acid and pH were 
not independent. In general, the best results were ob- 
tained in the vicinity of pH 5 which corresponds to a 
collector addition of 100 ppm by volume. 


TABLE 5 


Flotation results using a secondary amine as a collector 
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Many more tests were run than those reported, and 





in general they support the findings brought out by 
table 6. To find the best length of hydrocarbon chain, 
the best concentration, and the best pH might require 
a number of experiments and these would have meaning 
only for the organism studied and in fact only for that 
particular strain of organism. It is sufficient to retain 
the conclusion that the proper conditions fora particu- 
lar system regarding pH, concentration of reagent, and 
optimum length of hydrocarbon chain can readily be 
found by experiment. Generally speaking, the car- 
boxylic acids with 3 to 5 carbon atoms in the chain 
appear to be preferred. 


DIscussion 
It is clear that there are differences in floatability 
between spores, vegetative cells, and debris. Relatively 
speaking, these differences are small but experiments 
show they can be increased. Thus, the addition of 


secondary amines seems to favor flotation of spores 
over debris, whereas the addition of carboxylic acids 





Flotation Cell 




















Fagergren Fagergren Pneumatic Small capacity 
Dees OF otatOn. Min .......... «0... . 020.005 6 12 38 | 8 | 
Type of spore sediment used for test.......... | Washed, frozen, Unwashed, frozen, | Washed, unfrozen, | Washed, frozen 
| centrifuged Fort | centrifuged Fort centrifuged Fort centrifuged Fort 
Detrick shipment! Detrick shipment} Detrick shipment} Detrick shipment 
Amount of collector added, ppm............ | 40 150 50 50 
Float concentration, g solids/L pulp......... 6.0 3.0 24 1.2 
Nonfloat concentration, g solids/L pulp. ...| 0.2 0.6 0.2 0.3 
Feed solids going to float, %................ 95 83 94 90 
Spore assay of feed, % by weight........... 82 | 46 83 | 85 
Spore assay of float, % by weight........... | 88 50 87 91 
Spore assay of nonfloat, % by weight....... 67 26 17 50 
Recovery of spores in nonfloat, %........... 0.4 | 9.8 1.2 4.1 
Recovery of debris in float, %.............. | 68 | 77 72 56 
TABLE 6 


Flotation results 


using propanoic, hexanoic, and octanoic acids as collectors 





Collector Propanoic Acid 


| 


Hexanoic Acid 


Octanoic Acid 





| | 
Collector concentration, ppm by | 





| | | fo | 

| 1.32*) 52.5t | 158t | 6058 | 1.32*| 525t | 158f | 605§ 
| 32 46 | 59 | 56 | 39 53 42 | 19 
147 | 50 56 | 54 | 53 57 57 | 62 

| 79 84 | 97 | 93 | 83 92 84 82 
| 78 66 | 55 | 57 7 58 67 | 85 
| 54 | 73 95 | 86 | 65 85 | 6 | 33 
| 21 | 2.3 | 46) 2.8] 2.2 2.8) 2.0) 1.7 











| | 
| ae ae 1.32%) 52.5¢ [1583 | 
Feed solids going to float, %........ | 33 | 50 | 69 | 
Spore assay in float, % by weight...) 46 | 57 64 
Spore assay in nonfloat. % by weight..| 88 | 91 | 98 
Recovery of spores in nonfloat,%..... 80 61 | 41 | 29 
Recovery of debris in float, %....... 68 | 83 | 98 99. 
Selectivity index, debris from spores ' 3.0 | 2.8 | 5.4 | 
*pH =7 
7 pH = 6. 
t pH = 5. 
§ pH = 4.1. 


Avg. assay of spores in feed = 72 per cent. 
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increases the floatability of vegetative cells and debris 
over that of spores. There can be little doubt that this 
is related to the polar groups available at the surfaces 
of spores and vegetative cells. The behavior of the two 
forms of the organism suggest that both cationic and 
anionic sites are available at the surface of both forms 
but that the relative abundance of the sites is different, 
the spores having an excess of carboxyl groups and the 
vegetative cells an excess of amino groups. 

Preliminary experiments with another strain of B. 
subtilis indicates that its behavior is not the same as 
that of the niger variety, hence that the outer coats of 
an organism differs from strain to strain. 

Pilot experiments with other organisms further indi- 
cate differences between one species and another, as 
might be expected. The prospect of relating flotation 
behavior to chemical composition, structure, and mo- 
lecular orientation at the surface of spores and vege- 
tative cells is an area to which attention should be 
directed. 
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SUMMARY 


Among the factors which influence the flotation be- 
havior of Bacillus subtilis var. niger spore preparations 
are the age of the spore material at harvest, the soluble- 
salt content of the flotation feed, prior heating of the 
pulp, pH of the pulp, and the addition of amine or fatty- 
acid collectors. 

It is shown that judicious use of flotation ‘‘tools” 
can effect suitable separations, but much work remains 
to be done in correlating flotation behavior with surface 
properties. 
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Our interest was stimulated by observing the active 
proteolytic abilities of a culture of Pseudomonas fluo- 
rescens isolated from a frozen chicken pie. The culture 
liquified gelatin rapidly and attacked casein strongly. 
In addition, the culture displayed considerable lipolytic 
and amylolytic activity. The culture was isolated from 
a tryptone-glucose-meat-extract-agar plate after incu- 
bation at 5 C for 7 days. Because many investigators 
have reported pseudomonads as part of the bacterial 
flora on foods stored at freezing or refrigeration temper- 
atures, it seemed likely that this culture was a part of 
the normal psychrophilic bacterial flora. In defrosted 
foods, the effects of the action of enzymes, presumably 
from psychrophilic bacteria, are very evident. These 
enzymatic effects are more extensive than might be 
expected from the number of bacteria present. The 
degradative action of proteolytic enzymes is one of the 
most prominent features of defrost and is marked by 
the formation of extremely disagreeable odors and 
flavors which render these products unpalatable. 

The object of these experiments was: (1) to investi- 
gate the effect of some environmental factors on the 
growth of this culture, (2) to investigate the effect of 
the environment on the elaboration of the proteolytic 
enzymes of this culture, and (3) to determine the effect 
of environmental conditions on the activity of the 
proteolytic enzymes. 


MATERIALS AND METHODS 


Tryptone-glucose-meat extract (TGE) broth of pH 
7.0 was used as the culture medium. The cultures were 
grown in low form culture flasks at various temper- 
atures as indicated in the text for periods up to 5 days. 
Bacterial counts were determined by plating on TGE 
agar and incubating at the same temperature as the 
original flask. Plates were incubated at 0 C and 5 C 
for 14 days, at 10 C for 7 days, and at 20 C and 30 C 
for 48 hr. 

At the same time that samples were taken for plating 
to determine the number of bacteria per ml for the 
growth curve experiment, an aliquot was taken for the 
purpose of determining the presence of extracellular 
proteolytic enzymes in the medium. This portion was 

1 A summary of this work was presented to the 59th General 
Meeting of the Society of American Bacteriologists held in St. 
Louis, Missouri, May 10-14, 1959. 
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centrifuged for 10 min at 30,000 X g in a Servall? 
centrifuge to remove the mass of bacterial cells. The 
clear supernatant fluid was rendered bacteria-free by 
passage through a ceramic no. 02 Selas* filter. The 
samples were then stored at 0 C until assayed. 

The extracellular enzymes were precipitated in two 
fractions from the bacteria-free growth medium. 
Fraction | was obtained by precipitation with 0 to 50 
per cent saturation with ammonium sulfate and 
Fraction II precipitated by 50 to 85 per cent saturation 
with ammonium sulfate. The precipitations were 
sarried out at 5 C overnight. The precipitated enzyme 
proteins were recovered by centrifugation and dialyzed 
against a large volume of distilled water for 24 hr. 
They were then diluted to their original volume. Extra- 
cellular proteolytic enzymes exhibited great stability 
when stored at 0 C. 

Endocellular enzymes were prepared as follows: the 
bacterial cells were recovered by centrifugation from 
the broth growth medium and washed 5 times with 
0.02 mM Sorensen’s phosphate buffer, of pH 7.3. The 
washed cells were then diluted 1 to 4 by volume in the 
same buffer and sonic treated in a 10 ke Raytheon 
Sonic Oscillator? for 50 min. The sonic extract was 
centrifuged twice at 30,000 X g for 20 min to remove 
cellular debris and then passed through a no. 02 Selas 
filter. The bacteria-free sonic extract was stored at 0 C 
until used, but lost most of its activity in 2 weeks. 
Activity could be completely restored by dialysis of the 
extract against distilled water or 0.02 m phosphate 
buffer. This suggested poisoning or inactivation by a 
dialyzable component, perhaps a metallic compound. 
This was contrary to the experience of several other 
investigators working with bacterial peptidases who 
observed metallic ion activation (Ogle and Logan, 
1956; Brandsaeter and Nelson, 1956b), principally by 
‘calcium (Lenny, 1956; O’Brien and Campbell, 1957), 
manganese, and cobalt ions (Erlanger, 1957). Acti- 
vation of a protease from Clostridium  histolyticum 
by cysteine and other sulfhydryl activators was re- 
ported by Prado et al. (1956). 

When the bacteria-free sonic extract was dialyzed 
immediately after preparation, it could be stored at 

2 Ivan Sorvall, Inc., Norwalk, Connecticut. 

3 Selas Corporation of America, Philadelphia, Pennsylvania. 

* Raytheon Corp., Waltham, Massachusetts. 
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0 C for periods up to 2 months without loss of activity. 
All of these preparations, both endo- and extracellular, 
were inactivated by heating to boiling for 10 min. 

Dry weights on cell suspensions and enzyme prepa- 
rations were determined by drying for 24 hr at 100 C. 

Microkjeldahl techniques used standard acid di- 
gestion and distillation of ammonia after neutralization 
as specified by Hawk et al. (1954). The assay technique 
for measuring amino acids freed by proteolytic enzyme 
action was that of Anson (1938). Casein was used as the 
test substrate and the amount of tyrosine, tyrptophane, 
and smaller peptides, containing these two amino acids 
in positions where they may react with the Folin- 
Ciocalteau reagent was determined. After reaction with 
phenol reagent, the intensity of light transmitted was 
measured at 645 mu. 

To cover the substrate pH range used in these experi- 
ments, three different buffers were used as follows: 
phthalate buffer in the range pH 5.0 to 6.15, phosphate 
buffer of pH 5.7 to 8.0, and borate buffer of pH 7.7 to 
9.9. The ends of the buffer ranges were overlapped so 
that possible effects of the individual buffers themselves 
could be observed and compensated. The curve there- 
fore is a synthesis of three different buffer curves. At 
low pH’s coagulation of the casein substrate was ob- 
served. Quantitative micro-kjeldahl determinations 
indicated that not all of the substrate was rendered 
insoluble at pH 5.0, but substrate concentration could 
have been a limiting factor in assaying proteolytic 
activity at pH’s up to pH 6. 

RESULTS AND DISCUSSION 

Figure 1 shows the growth curves for this microbe 
when grown in TGE broth at 0, 5, 10, 20, 30, and 37 C. 
Samples were plated on TGE agar and incubated at 
the same temperature as the original flask. At 0 C the 
lag period was only 24 hr. At 5 C it was only 8 hr and 
substantially less at higher temperatures. This culture 
did not grow at 37 C. Although the lag phase was very 
short at 30 C, the number of bacteria per ml was less 
in the stationary phase than at 20 C. The death phase 
also was reached earlier at 30 C than at any other 
temperature. Colonies on the plates incubated at 30 C 
were minute indicating the adverse effects of this 
temperature on the bacterium’s growth. Therefore, 20 
C represented the approximate optimum growth 
temperature for this organism, although its ability to 
grow at low temperatures was marked. 

Figure 2 presents the data for the liberation of extra- 
cellular proteolytic enzymes in the growth medium at 
the various temperatures at which the rate of growth 
was determined. The undulating nature of these curves 
is similar to that observed for Bacterium linens by 
Friedman et al. (1953). Van der Zant and Nelson (1953) 
noted increases in soluble nitrogen, tyrosine, and trypto- 
phane when Streptococcus lactis was grown in milk. 


These products, suggesting proteolytic activity by this 
microbe, showed only a single peak of maximum ac- 
tivity. These workers were unable to positively demon- 
strate the presence of extracellular proteolytic enzymes 
in the growth menstruum. Van der Zant (1957) also 
observed a single peak of extracellular proteinase pro- 
duction for Pseudomonas putrefaciens. Weil and Kocho- 
laty (1937) reported that secretion of an extracellular 
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Figure 1. Growth of Pseudomonas fluorescens in tryptone- 
glucose-meat extract broth at various temperatures. 
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Figure 2. Elaboration of extracellular proteolytic enzymes 





by Pseudomonas fluorescens when grown in tryptone-glucose- 
meat extract broth at various temperatures. 
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proteinase by C. histolyticum reached a maximum 
during the first 24 hr of growth and then decreased, 
whereas an aminopolypeptidase was produced in in- 
creasing amounts throughout incubation. 

Maximum elaboration of the proteolytic enzymes of 
this culture of P. fluorescens appeared to take place at 
about 24 to 40 hr. The first peak of extracellular enzyme 
elaboration occurred while the bacterial cells were in 
the logarithmic growth phase and cell autolysis was 
minimal. The second peak of enzyme elaboration could 
result from cell autolysis, since the cells could be in the 
stationary or death phase depending on the temperature 
of incubation. For food preservation considerations, it 
is important to note that maximum proteolytic enzyme 
elaboration occurred very soon after growth was initi- 
ated, before the lapse of very many hours and while 
the bacterial population was still comparatively low. 

Liberation of enzyme in the growth medium was 
greatest at 0 C and decreased with increasing tem- 
perature until the smallest quantities of enzyme were 
liberated in the menstruum at 30 C. At temperatures 
and times which might have been expected to afford 
some protection against bacterial enzymatic damage, 
maximum proteolytic enzyme production occurred. 
Because of the quantity of data presented in this 
illustration, all of the available data was not plotted. 
Instead, an average of three values over a 24-hr period 
was used. The tendency to greatly increased enzyme 
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production at low temperatures is directly related to 
the much smaller activity of those enzymes at low 
temperatures. As the temperature is increased, the 
enzyme’s greater activity limits the need for as much 
enzyme in order to achieve a given level of protein 
attack. 

Figure 3 presents data on the effect of the initial 
pH of the culture medium on the production of extra- 
cellular proteolytic enzymes by this culture of P. 


fluorescens. This figure includes data for the effect. of 


minimum, maximum, and the two optimum pH’s on 
proteolytic enzyme secretion. Intermediate pH curves 
were not plotted. Tryptone-glucose-meat extract broth 
was again used as the culture medium. Ilasks of medium 
having initial pH’s between 5.5 and 9.0 in 0.5 pH unit 
increments were used. Additional buffer was not used 
and the pH of the culture medium was not readjusted 
to the original values during growth. Terminal pH’s 
were not determined, but undoubtedly varied widely 
from that of the original pH of the medium. When 
the number of bacteria per ml of medium was used as 
the criterion, about pH 8.0 was optimum for growth. 
When the liberation of extracellular proteolytic enzymes 
in the menstruum was the criterion, pH 7.0 and 8.5 
represented optimum conditions. Acid conditions, par- 
ticularly as low as pH 5.5 and 6.0, did not favor pro- 
teolytic enzyme elaboration. In general, as the pH 
increased to the optimum, the curves were displaced 
to the left, so that maximum proteinase production 
occurred sooner in the growth cycle. Also, the amount 
of enzyme produced increased very substantially. Past 
the optimum pH, the amount of enzyme liberated in 
the medium dropped off sharply. The presence of two 
widely separated pH optima suggested the presence 
of at least two different proteolytic enzymes among the 
the extracellular enzymes. Friedman et al. (1953) ob- 
served that for B. linens, proteinase production was 
greater at pH 7 than either pH 6 or 8. 

Table 1 shows some quantitative data on the pro- 
teolytic activity of intact cells, sonic lysate, dialyzed 
sonic lysate, broth growth medium, and extracellular 
proteolytic enzymes of Fraction I (precipitated by 
0 to 50 per cent saturation with ammonium sulfate) 
and Fraction II (precipitated by 50 to 85 per cent 
saturation with amonium sulfate). 

Sonic treatment increased the proteolytic activity, 
expressed in terms of milligrams of tyrosine and trypto- 
phane per unit volume freed from casein, by the sonic 
lysate solution by about 36 per cent as compared with 
intact cells. Proteolytic activity was increased about 
550 per cent on a basis of mg of tyrosine and tryp- 
tophane freed per mg of protein (enzyme) nitrogen. 
Dialysis of the sonic lysate increased the activity 
of the endocellular enzymes about 48 per cent on a 
volume basis and 9640 per cent on a protein nitrogen 


basis as compared with the intact cell suspen- 











1960} 


sion. 
in Fr 
protec 
with 
cent ¢ 
growl 
sulfat 
gen Vv 
cellul: 
secon 
due t 
fracti 
prote 
intac 
This 
is of 
We 
cellul 
10 C, 
cellul 
grow. 
enzyl 
The 
35 C 
of et 


Intac 
Sonic 
Dial 
Grow 
Fraet 
Fract 

R: 

= 
nium 

T| 


nium 


R 





LS 


1 to 
low 
the 
uch 


tein 


itial 
tra- 
PB 
t of 
s on 
rves 
roth 
lium 
unit 
used 
isted 
pH’s 
idely 
Vhen 
das 
wth, 
ymes 
1 8.5 
par- 
pro- 
pH 
laced 
ection 
ount 
Past 
ad in 
' two 
sence 
g¢ the 
) ob- 
was 


pro- 
lyzed 
llular 
d by 
lfate) 

cent 


ivity, 
ypto- 
sonic 
with 
about 
tryp- 
‘ogen. 
tivity 
on a 
rogen 





ispen- 








1960] 


sion. Of the extracellular proteolytic enzymes, those 

Fraction I comprised about 20 per cent of the 
proteolytic activity on a volume basis, as compared 
with Fraction IL proteolytic enzymes. About 96 per 
cent of the total extracellular proteolytic activity in the 
growth medium was recovered by the ammonium 
sulfate fractionation. Activity per mg of protein nitro- 
gen was twice as great in the first fraction of extra- 
cellular enzymes as compared with the enzymes in the 
second fraction. This difference in activity may be 
due to the presence of different enzymes in the two 
fractions. Per mg of enzyme protein, the extracellular 
proteolytic enzymes were much more active than the 
intact. bacterial cells or the nondialyzed sonic lysate. 
This high activity per unit weight of enzyme protein 
is of concern in food preservation. 

We also investigated the relative activity of endo- 
cellular proteolytic enzymes from bacteria grown at 
10 C, 20 C, and 35 C. Data in table 2 show that endo- 
cellular proteolytic enzymes from P. fluorescens cells 
grown at 10 C were about 3 times as active per mg of 
enzyme protein as enzymes from cells grown at 35 C. 
The adverse effect of the increased temperatures to 
35 C is easily seen in the cell yield from equal volumes 
of culture medium after the same incubation period. 


TABLE 1 


Some quantitative aspects of proteolytic enzymes from 
Pseudomonas fluorescens 


ei | a oe La — 

Weight | (8 t¥TO- | “img N | (ms tyro- 

(g/ml) | le sine ee | perg— |¢ ee = 

| eyptophane | for) | exptonhane 

| 

Intact cells... 0.0764 | 0.0044 | 111.7 | 0.000527 
Sonic lysate. . . 0.0386 | 0.0060 | 54.0 | 0.00288 
Dialyzed sonic lysate .| 0.0022 | 0.0065 | 58.0 | 0.0508 

Growth medium | 0.0083 

Fraction I*.... ; 0.0015 | 0.0017 35.6 | 0.0319 
Fraction IIf....... 0.0021 | 0.0062 184.0 | 0.0164 


Ratio diluted cells to pac bed volume = 4: i‘, 

* Precipitated by 0 to 50 per cent saturation with ammo- 
nium sulfate. 

+ Precipitated by 50 to 85 per cent saturation with ammo- 
nium sulfate. 


TABLE 2 
Relative yield of cells and endocellular proteolytic enzymes 
activity of Pseudomonas fluorescens grown at various 
temperatures 





Proteolytic Activity 
(mg tyrosine and 
tryptophane/mg N) 


Yield of Wet Cells 


Cells Grown at: Packed Volune 





ml 
10 C (50 F) 41.0 0.0488 
20 C (68 F) 23.0 0.0212 
35 C (95 F) 0.4 0.0127 








Tryptone- glucoee- meat extract broth, oH? 7.0. 
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This culture grew well at the low temperatures en- 
countered defrost, temperatures which might be 
expected to afford food products some protection but 
which actually increased enzyme activity. 

Figure 4 shows data on the determination of the 
substrate-in-excess points for these three different en- 
zyme preparations. Substrate-in-excess levels were 
reached at very low levels of casein for the extracellular 
enzymes, whereas the endocellular enzymes required 
about 6 times as much substrate to reach the excess 
point. This indicates that the extracellular proteolytic 
enzymes are probably different from the endocellular 
enzymes. Similar results were reported by van Heynin- 
gen (1940) for an endocellular proteinase. from C. 
histolyticum. 

When the amount of enzyme was varied and the 
amount of substrate held constant (figure 5), the. 
amount of tyrosine and tryptophane freed as a result 
of enzyme action was a linear function of the amount 


° ENDOCELL' 
& FRACTION I-EXO- 
CELLULAR 
& FRACTION II-EXO- 9, : 
LLULAR 8| io 
, 7| 
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| A 1 im 
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012345 Oo 10 20 
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Figure 4. (Left). Effect of the amount of substrate on proteol- 
ysis by endo- and extracellular enzymes from Pseudomonas 
fluorescens. 

Figure 5 (Right). Effect of the amount of endo- and extra- 
cellular enzymes from Pseudomonas fluorescens on the proteol- 
ysis of casein. 
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Figure 6. The influence of temperature on the proteolytic 
activity of endo- and extracellular enzymes from Pseudomonas 
fluorescens. 
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of enzyme from Fraction I. Tyrosine and tryptophane 
freed as a result of enzyme action was a linear function 
of a limited amount of enzyme from Fraction II, but 
increased amounts of enzyme did not result in a linear 
increase in proteolytic degradation products as de- 
termined. The amount of tyrosine and tryptophane 
freed as a result of the action of endocellular enzymes 
was not a linear function of the enzymes concentrations 
and suggested that a series of reactions might be in- 
volved. Similar results have been reported by Erlanger 
(1957) for Bacillus brevis and Ogle and Logan (1956) 
for C. histolyticum. 

Because these enzymes were elaborated by a psychro- 
philic bacterium, we were interested in determining 
the influence of temperature on the activity of these 
enzymes after elaboration. For those extracellular en- 
zymes in Fraction I, increasing the temperature in- 
creased the rate of protein attack linearly up to 25 C 
and then the rate decreased slightly as shown in figure 
6. For enzymes in Fraction II, increasing the tempera- 
ture up to 25 C resulted in a nonlinear increase in the 
rate of protein attack. Further increases in the tem- 
perature at which the activity was determined resulted 
in greatly decreased enzyme activity. Thus in their 
response to increased temperatures, enzymes in Frac- 
tion I differed markedly from those in Fraction II. 
The influence of temperature on the endocellular en- 
zymes’ activity was similar to that observed with 
Fraction I extracellular enzymes. Thus it can be seen 
that once the proteolytic enzymes of this culture were 
elaborated, increases in the temperature greatly ac- 
celerated their activity. Friedman et al. (1953) re- 
ported that the optimum temperature for extracellular 
proteolytic enzymes from B. linens was about 38 C, 
but slight proteolysis was observed at 0 C and 60 C. 
Optimum temperature for an endocellular proteinase 
and peptidases from Lactobacillus casei (Brandsaeter 
and Nelson, 1956a and 1956b) was reported to be 
50 C. Mandel et al. (1957), reporting on the exopeptida- 
ses of C. histolyticum, observed that these enzymes 
were very stable even after 1 hr at 80 C. An extra- 
cellular proteinase from Bacillus stearothermophilus 
(O’Brien, 1957) was reported to have its optimum 
activity at 55 C. 

Figure 7 presents data on the activity of endocellular 
enzymes determined as a function of time and tem- 
perature. Increases in the temperature up to 37 C 
resulted in increases in the activity. At this temperature, 
a rate limiting reaction was noted and the activity 
decreased with time. Thus for the endocellular enzymes, 
a temperature between 30 C and 37 C was optimum 
for maximum activity. We did not determine if sub- 
strate exhaustion was responsible for this decreasing 
activity at 37 C, although Van der Zant and Nelson 
(1953) have considered the freeing of compounds re- 
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acting with Folin-Ciocalteau reagent as an early phase 
of proteolytic activity. We have not yet made similar 
studies of the effect of time and temperature on the 
activity of the extracellular enzymes. It is interesting 
to note that, except for Fraction II extracellular 
proteolytic enzymes, the activity of both endo- and 
extracellular enzymes was increased even beyond the 
temperature at which this microbe would grow. It 
‘an also be observed that the extent of proteolysis was 
low at freezing even though not completely stopped. 
These results are very similar to those reported by 
Van Heyningen (1940) for C. histolyticum, Brandsaeter 
and Nelson (1956b) for L. casei, and Viswanatha and 
Liener (1956) for a ciliated protozoan, Tetrahymena 
pyriformis. 

Figure 8 presents data for the effect of substrate 
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Figure 7. Activity of endocellular proteolytic enzymes from 
Pseudomonas fluorescens as a function of time and temperature. 
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Figure 8. Effect of pH on proteolytic activity of endo- and 
extracellular enzymes from Pseudomonas fluorescens. 
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pH on the activity of extra- and endocellular enzymes 
from P. fluorescens. Peaks of proteolytic activity at 
about pH 7.8, 8.8 and possibly 6.2 were noted for 
extracellular enzymes in Fraction IL. Possible optima 
at pH 6.2, 7.8, and 8.8 were observed for enzymes in 
Fraction I. Endocellular enzymes gave a pH optimum 
picture very much like that observed with Fraction I, 
suggesting that part of the extracellular enzymes in 
the growth menstruum may be endocellular enzymes 
liberated by cell autolysis. Dialysis of the enzyme 
preparations removed several of the activity peaks 
observed previously at other pH’s with the nondialyzed 
enzymes. 

Thus so far our studies on the effect of amount of 
substrate, amount of enzyme, activity per unit weight 
of enzyme and effect of temperature on activity have 
indicated that the endo- and extracellular enzymes 
preparations may have contained as many as three 
different enzymes. However, the activity response of 
Fraction I extracellular enzymes to different substrate 
pH’s was very similar to that of the endocellular en- 
zymes. 

For B. linens, optimal pH for extracellular proteinase 
activity was reported to be 7.2 to 7.3 (Friedman et al., 
1953). Brandsaeter and Nelson (1956a, 1956b) reported 
a pH optimum range of 7.0 to 7.5 for endocellular 
proteinase from S. lactis, pH 5.5 to 6.5 for endocellular 
proteinase from L. case?, and pH optimum of 7.0 to 
8.0 for endocellular peptidase activity from L. caset. 
Lenney (1956) reported pH optima of 3.8, 5.0, and 
6.5 for endocellular proteinases from yeast. An endo- 
cellular ornithine peptidase from B. brevis (Erlanger, 
1957) had its pH optimum in the range 8.5 to 9.0. 
Felix et al. (1956) reported a carboxypeptidase in 
brewers yeast with a pH optimum of 6.0. A pH range 
of 6.9 to 7.2 was reported as optimum for activity of an 
extracellular proteinase from 7’. pyriformis (Viswantha 
and Liener, 1956), from B. stearothermophilus (O’Brien 
and Campbell, 1957) and of exopeptidases from C. 
histolyticum (Mandel et al., 1957). Berger et al. (1938a, 
1938b) have demonstrated that a number of bacteria 
secreted extracellular proteolytic enzymes into the 
growth media. They observed that the optimum pH 
value of the endocellular enzymes of most of the 
organisms examined for peptide hydrolysis was be- 
tween 8 and 9, except for Lactobacillus pentosus and 
Propionibacterium pentosaceum which had acidopeptida- 
ses having pH optima of 5.5 and 6.0. Brandsaeter and 
Nelson (1956a) made the interesting observation that 
for endocellular proteinase from L. casei, pH effects 
on enzyme activity were temperature dependent. This 
may well have been a reflection of greatly lowered 
general activity at low temperatures, but requires 
some other explanation at 30, 40, and 50 C. 
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SUMMARY 


A culture of Pseudomonas fluorescens was isolated 
which had definite psychrophilic attributes and a very 
active enzyme constitution. This culture was found 
to produce heat labile endo-and extracellular proteolytic 
enzymes. The extracellular proteinases were recovered 
by ammonium sulfate precipitation. Extracellular pro- 
teolytic enzyme elaboration was shown to be inversely 
proportional to the temperature at which the culture 
was grown, at least from 0 C to 30 C. The extracellular 
proteolytic enzymes were found to be more active per 
unit weight than the endocellular enzymes. Tempera- 
tures above room temperature were demonstrated to 
have adverse effects on cell production and endocellular 
proteolytic activity. Increases in temperature greatly 
accelerated the action of proteolytic enzymes of this 
culture once they were elaborated. On the basis of pH 
optima and other criteria, several different endo- and 
extracellular enzymes were produced by this culture 
of P. fluorescens. 
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There is an extensive literature on the public health 
aspects of shellfish bacteriology (Dodgson, 1928). A 
great deal of excellent work has been carried out on 
the incidence and survival of such groups as the enteric 
pathogens (Salmonella, Shigella) and related coliform 
indicator organisms in shellfish grown under various 
conditions (Foote, 1895; Fabre-Domergue, 1912; 
Kelly and Arcisz, 1954). As a result of this work, the 
practical conditions necessary for prevention and 
control of shellfish-borne infection are now well es- 
tablished. However, there is an almost complete lack 
of information concerning the bacterial types not 
derived from sewage associated with shellfish. 

A comparison of the number of colonies obtained on 
count plates prepared from shellfish incubated at room 
temperature (circa 20 to 25 C) and at 37 C indicates 
that nonmesophilic bacteria probably comprise the 
bulk of the bacterial population of shellfish. One type of 
noncoliform microorganism said to be peculiar to 
shellfish belongs to the group of large Spirochaetae. 
This type of microorganism was described by Fantham 
(1907) from mussels, Spirochaeta anodontae, and by 
Dimitroff (1926) from oysters, Saprospira and 
Cristispira. In some published reports concerning the 
presence of coliform organisms in shellfish, casual 
reference has been made to the presence of other bac- 
teria. ,Thus Joseph (1914) described the occurrence of 
spore bearing, asporogenous, pigmented, and non- 
pigmented bacteria in market oysters, Berry (1916), 
and Geiger et al. (1926) noted the presence of Proteus, 
Alcaligenes, and Pseudomonas fluorescens together with 


1 This work was supported in part by National Institutes of 
Health Grant No. E-2417 and by Initiative 171 Fund, Univer- 
sity of Washington, Seattle, Washington. 

2 Contribution No. 66, College of Fisheries, University of 
Washington, Seattle, Washington. 


other common “water bacteria,” also in market oysters. 
Eliot (1926) found that the green fluorescent, yellow 
pigmented, nonpigmented, and “vibrio” groups of 
microorganisms rapidly increased in number during the 
spoilage of market oysters at 20 C. Tanikawa (1937) 
found that typical water bacteria of the genera 
Achromobacter, Pseudomonas, Flavobacterium, and 
Micrococcus were of greatest importance in the spoilage 
of market oysters held at 0 C. The results of these 
spoilage studies are remarkably similar to the bae- 
teriological findings for fin fishes held at similar tem- 
peratures (Shewan and Liston, 1956), and, in the latter 
case, it has been quite well established that the spoilage 
organisms are derived from the flora of the living fish 
which is predominantly composed of asporogenous 
gram-negative rods (Georgala, 1958). By analogy it 
seems not unreasonable to suspect that the spoilage 
bacteria in oysters are related to the normal bacterial 
population present in the living animal. 

The purpose of this study was to determine the com- 
position of the natural bacterial flora of oysters held 
under controlled natural conditions in various areas of 
Washington. Coliform counts were carried out to ob- 
tain some information concerning the degree of pollu- 
tion of the environment, but the major portion of the 
investigation was concerned with noncoliform bacteria. 


MATERIALS AND METHODS 


Yearling Pacific (that is, Japanese) oysters, Crasso- 
strea gigas, were obtained from Purdy, Washington, 
and were placed in floating trays in three different 
areas of Washington: Hood Canal, Oyster Bay, and 
Willapa Bay; a control group was maintained in the 
salt-water aquarium at the College of Fisheries. Samples 
of three oysters and 150 ml of seawater were taken 
from the aquarium weekly and from the floats every 
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third week. Most probable number (MPN) of coliforms 
and counts of Escherichia coli were established ac- 
cording to the procedures described in Standard Methods 
for the Examination of Water, Sewage, and Industrial 
Wastes (APHA, 1955). The study extended over a 
414-month period, from February to July 1959. 

Plating media and methods employed in the quanti- 
tative determinations were as follows: 

MacLeod’s maintenance medium (basal) from 
MacLeod et al. (1954) containing yeast extract, 0.5 
per cent; nutrient broth, 0.8 per cent; and Bacto-agar* 
1.5 per cent in 1 L seawater. 

Basal medium plus glucose (basal + 1.0 per cent 
glucose). 

Oyster agar (OA) modification of the medium of 
Eyre (1923) consisting of 500 g of minced oyster meat 
extracted at 100 C for 30 min in 1 L sterile seawater, 
filtered, adjusted to pH 7.4, 15 g of Bacto-agar added, 
and sterilized 15 min at 120 C (15 pounds pressure). 

Tryptone glucose extract (TGE). 

Nutrient agar (NA). 

Nutrient agar plus 0.5 per cent sodium chloride 
(salt NA). 

2xcept where stated otherwise, the media were 
obtained from Difco Laboratories in dehydrated form 
and made in accordance with the manufacturer’s 
directions. The initial quantitative determinations for 
selection of the most appropriate medium of those 
listed above were done by means of surface plate counts. 
The basal medium plus glucose appeared to give the 
maximum count, but the colonies on the plates were 
very mucoid and tended to fuse. The standard plate 
counts were thus carried out on the basal medium alone. 

Colonies were picked at random from the count 
plates. The cultures obtained were subjected to purifi- 
cation procedures and the pure cultures were tested 
by a number of determinative methods. One hundred 
fifty-two cultures were maintained in seawater + 1 
per cent peptone or on basal agar slopes depending 
upon how fastidious the organism was. Selective media 
(Difeo, dehydrated) including the Enterococci Pre- 
sumptive, Ethyl Azide Violet Broth, Eosin-Methylene 
Blue Agar, S S Agar, Brilliant Green Bile Broth, and 
Triple Sugar Iron Agar, were used to assist in the 
identification of possible members of the Enterobac- 
teriaceae. Tests for identification and _ classification 
were carried out according to the Manual of Micro- 
biological Methods (SAB, 1957). Pure cultures of all 
the organisms isolated in this study were streaked on 
basal agar plates for determination of colonial mor- 
phology and for tests of sensitivity to 0/129 vibriostat 
compound (Shewan et al., 1954) and to 2, 5, 10 unit 
Difco penicillin discs. Other tests and media used were 
as follows: litmus milk; seawater nutrient gelatin; 


’ Difeo Laboratories, Inc., Detroit, Michigan. 
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lead acetate agar slopes; methyl red; Voges-Proskauer; 
nitrate broth; indole; urea agar slopes; Koser’s citrate 
broth; Hugh and Liefson oxidative and fermentative 
medium (Hugh and Liefson, 1953); lactose, glucose, 
maltose, mannitol, and sucrose fermentation tubes; 
and ammonia production. Temperature growth tests 
at 0, 25, and 37 C were carried out in a medium con- 
sisting of 0.5 per cent sodium chloride and 1 per cent 
peptone water. Routine tests and identification media 
were inoculated and incubated at 25 C (RT), but selective 
media for enterobacteria were incubated at 37 C. 


RESULTS 


There was no significant difference between the 
counts obtained in basal + 1 per cent glucose, basal, 
and oyster agar, which were always higher than those 
in the other media. Basal medium seemed to support 









































TABLE 1 
Standard plate counts on several media* 
Experiment 1 | Experiment 2 | Experiment 3 
| | 
Medium 25C | 37 C | B'€ | 37 C | s€ | arc 
Total count per mlt 
Basal agar....| 7,320 1,990 | 12,900 | 2,895 | 13,500 | 2,000 
Basal + 1% 
glucose 
Ce ee 10,500) 1,395 | 14,000 | 2,895 | 14,500 | 3,395 
Oyster agar...| 7,870) 2,150 | 11,900 | 3,035 | 14,000 | 3,700 
Tryptone glu- 
cose extract 
eee 5,240; 700 | 5,300 365 | 5,500 500 
Nutrient agar.| 1,170) 400} 1,170 395 | 1,500 500 
Nutrient agar 
+ 0.5% 
NAP oc. 3,325 20 | 3,225 40 | 3,125 30 
| | 
* See text for description. 
t Avg of duplicate platings. 
TABLE 2 
Coliform content of oysters and seawater examined at 3-week 
intervals 
Time (weeks) 
: = 
6 | 9 | 12 








Aquarium oysters.............. | 0 | 0 0 0 0 
Aquarium seawater (control)... 0 | 0 0 0 0 
Hood Canal oysters............ | — | 450 | 450 | 200 | 200 
Hood Canal seawater...........) — | 0 0 2 2 
Oyster Bay oysters............. | _ | 0 | 200 0 0 
Oyster Bay seawater....... eda | 0 0 0 0 
Willapa Bay oysters............ — | 450 | 1100 | 20| 20 
Willapa Bay seawater.......... | — | 0] 200 2 2 














106 


growth of marine and other bacteria as well as either 
basal + glucose or oyster agar and was by far the 
simplest to prepare (table 1). It was therefore chosen 
for subsequent work. 

The MPN of coliforms in the seawater and oysters, 
sampled at 3-week intervals throughout the period of 
the study, is given in table 2. Pollution as indicated 
by MPN counts was light except during one brief 
period in the Willapa Bay area. Our results confirmed 
that oysters tend to show higher coliform counts than 
the surrounding seawater. Figures 1 and 2 show the 
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total viable counts of bacteria per ml seawater and per 
ml oyster body fluid sampled concurrently with the 
MPN determinations. 

The group distribution of bacteria classified according 
to genera, with the Pseudomonas and Vibrio groups 
combined, is given in table 3. A similar distribution, 
but related to site of isolation in the oyster is given in 
table 4. Gram-negative nonsporing rods predominated 
in the flora with Pseudomonas/ Vibrio contributing the 
major (circa 50 per cent) type and Flavobacterium 
following in importance. Gram-positive organisms con- 
stituted less than 20 per cent of the isolates. No real 
difference appeared to exist in generic distribution of 
organisms isolated from different sites in the oyster, 

In table 5 are shown some of the more important 
biochemical properties of the organisms isolated, given 
as percentages of the total number tested. It can be 
seen that the biochemical abilities of the organisms 
within the flora are similar in each environmental area, 

In general, the bacterial population of oysters is 
proteolytic in nature, with only weak saccharolytie and 
reductive capacity. However, nearly 50 per cent of 
the organisms isolated were able to ferment glucose 
anaerobically. 


Discussion 

Coliform bacteria, as calculated from the total viable 
count and MPN values, never constituted more than 
0.5 per cent of the total viable flora in our oyster sam- 
ples. The failure to isolate any of these organisms from 
count plates by our random selection procedure indi- 
cates that this is a true measure of the numerical 
insignificance of these types in the oyster. Nevertheless, 
the results show once again the ability of the oyster to 


concentrate coliform bacteria from seawater and under- § 


lines the public health significance of oysters as potential 
agents of enteric infection. 

The general composition of the bacterial flora of the 
oysters studied by us is similar in outline to that indi- 
cated by the studies of Eliot (1926) and Tanikawa 
(1937). Gram-negative rod forms predominate while 
gram-positive forms constitute a minor portion of the 
flora. The Pseudomonas/ Vibrio group was found to be 
the largest single group, and members of the Achromo- 
bacteriaceae next largest. This distribution of generic 
types is very similar to that described by several 
workers for free swimming fish (Liston, 1957; Georgala, 
1958). There is, moreover, a striking resemblance 
between physiological characters of the oyster flora and 
that of the fish flora. In both cases proteolytic activity 
(as measured by litmus milk digestion and liquefaction 
of gelatin) is high while general saccharolytic activity is 
low. Most of the organisms from both fish and shell- 
fish are characteristic marine types exhibiting a partial 
or complete salt dependence demonstrated, in the 
vase of the shellfish bacteria, by the growth stimulating 
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effect of sodium chloride added to standard media. 
These bacteria are also psychrophilic and will grow 
readily at temperatures close to 0 C and poorly or not 
at all at 37 C. The major point of difference between 
the two floras is the rather high incidence of organisms 
able to ferment glucose anaerobically (Hugh and 
Liefson test) in the oyster flora. This may be related 
to a greater availability of glucose in the oyster as 
compared with free-swimming fish. 

A more minor point in which the oyster and fish 
floras appear to differ is in the gram-positive representa- 
tion. In fish, gram-positive bacteria have been reported 
to occur to the extent of 3 to 10 per cent (Liston, 1957; 
Georgala, 1958) while for oysters the range appears 
to be nearer 15 to 20 per cent. Gram-positive organisms 
are typically terrigenous in origin and oysters, because 
of their nearness to the shore, are exposed to quite 
considerable terrigenous contamination. The higher 
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gram-positive representation may therefore be due to 
an environmental effect. 

The extent of the influence of external environmental 
factors on the bacterial flora of oysters is obviously 
important. It has been assumed by many bacteriologists 
that the bacterial populations associated with aquatic 
animals and particularly with sessile aquatic animals 
such as oysters, are directly related to the bacterial 
content of the surrounding water. According to this 
view, the types of bacteria occurring in oysters will 
vary depending on the flora of the environment. This 
view has been challenged in the case of fin fishes where, 
it has been argued, a definite fish ‘commensal’ flora 
exists. The “commensal” flora hypothesis is supported 
by the uniformity of generic distribution observed in 
the floras of fish belonging to quite different taxonomic 
groups taken in widely separated parts of the world 
(Liston, 1959). 


TABLE 3 


Generic distribution of organisms isolated from oysters in controlled and natural environments 


| 
| Pseudomon- 




















ae Sample Achromo- Flavobac- | Corynebac- : baa - orp Entero- Miscella- 
Environment as as/Vibrio Rack previ Sigal Alcaligenes |Micrococcus | Bacillus cnet neces 
— ~ = = oe |} |— =| eee 
Salt-water aquarium. . 43 | 20 2 6 1 | 2 6 4 1 1 
- | ~ os - - 
Hood Canal...... 50. | (27 5 7 3 } 1 5 1 0 1 
Willapa Bay... 30 | 18 1 5 0 | 0 2 2 1 1 
Oyster Bay.... 2 | #14 0 8 1 | 0 3 0 0 3 
ie his Sob hace sak adv 152 | 79 8 26 Se, tty fl oe 7 2 6 
UD AMIBIAIOULION. ... <2. 6060409 5 100 52.0 5.3 171 3.3 | 2.0 10.5 4.6 is 3.9 
TABLE 4 
Generic distribution of organisms according to site of isolation from the oysters 
A AAA : hy bs 
| re lia | | ; = 
Ste of lolation | Sample Teta | Psendoman- | chromo. | Flarbac- | Corse |arcatigenes| Micrococcus | Bacilas | Enter | Mise 
| _ Ee | | ae er he ae eee 
Japanese seed oyster 20 9 1 3 1 2 4 0 0 0 
Rectal area.... 32 22 3 3 0 1 2 1 0 0 
Stomach......... 22 15 1 3 0 | 0 1 1 0 1 
ee 4 1 0 3 0 | 0 0 0 0 0 
Body fluid... 74 32 3 14 4 | 0 9 5 2 5 
152 79 8 26 5 3 16 7 2 6 


SS ee 





TABLE 5 


' 
Distribution of certain biochemical characteristics among pure cultures isolated from oysters in controlled and natural environments 





Nonsac- Sensitive 





3 = ie as . 1: . Glucose* | Lactose . y TH 
ais No. Litmus Milk | Gelat Nitrate | H2S Pro- | eo Ammonia :~ | Urea Uti- 
Environment Sanple | Protenlind | Liquefied eines’ | oe | aoe | eae tic, Produced = lize 

| | | | } 
Fea ee ey es, Semen Ne ae ey Cees es oe oo) 

| | | | as 3 - 
Salt-water aquarium... 438 | 30.2t 67.5 14.0 | 18.6 46.5 | 23.2 44.2 65.0 34.9 18.6 
OE a ae 50 | 12.0 46.0 20.0 | 8.0 46.0 | 4.0 52.0 82.0 14.0 16.0 
Willapa Bay. . 30 | 13.3 63.3 16.6 | 13.3 47.0 | 10.0 50.0 86.5 10.0 10.0 
Oyster Bay... 29 13.8 58.6 6.9 10.3 Hat} ~@ 51.8 100.0 10.3 10.3 
eee 152 | 59.2 | 15.1 | 12.5 | 46.7 9.9 49.4 $4.5 | 18.4 | 14.5 


| 


17.8 


* Hugh and Liefson (1953). 
t Given as per cent of cultures sampled showing character 


istic. 


108 R. R. COLWELL AND J. LISTON 


The bacterial floras of the oysters tested in this in- 
vestigation showed a high degree of similarity from 
area to area. Moreover, the similarity extended beyond 
the taxonomic groupings to biochemical groupings. 
The same organisms with the same biochemical proper- 
ties were found in all areas. This general similarity 
would be explained on the earlier hypothesis by the 
assumption that all the environments were similar. 
That this is not so can be seen from the coliform MPN 
results (table 2) which indicate that the areas were 
subject to different degrees of sewage pollution. More- 
over, the sites for the floats were selected to provide 
different water conditions at each place. It may be 
argued that the overriding environmental effects such 
as salinity and so-called antibacterial effect of seawater 
(ZoBell, 1946) are similar in all areas, so that the bac- 
terial flora of the water is the same in all areas. Never- 
theless, the proximity of the oysters to the shore would 
permit quite rapid transfer of terrigenous contaminant 
organisms and there is evidence in the coliform counts 
that even the more sensitive nonmarine types can 
survive for some time in seawater. Thus, the external 
water environment cannot exert the absolute control 
over the bacterial flora that this theory requires. 

The assumption that the observed flora is in fact 
typical of the oyster rather than of its environment 
seems to be the simplest way of explaining the observa- 
tions. One cannot, of course, dismiss completely the 
effect of environment on the oyster flora. Obviously, 
all microorganisms in the immediate vicinity of the 
oyster may gain access to it either fortuitously or as a 
result of the feeding activity of the mollusc. It seems 
probable that only those organisms which are well 
adapted to the microenvironment provided by the 
oyster will establish themselves as a significant com- 
ponent of the oyster flora. Organisms such as the coli- 
form bacillus which are, in fact, ill-adapted for active 
growth under these conditions may survive and even 
multiply to a very small extent in the oyster but will 
never attain a numerically significant status in the total 
bacterial population. The bacterial flora of the oyster 
which we suggest should be considered as a “com- 
mensal’’ flora, analogous to the “‘commensal’’ floras of 
fish (or for that matter of land animals), is composed 
essentially of typical marine psychrophilic bacteria 
well adapted physiologically to life within the micro- 
environment of the shellfish. 

The large Spirochaetes described by Dimitroff (1926) 
and generally considered characteristic inhabitants of 
shellfish were not observed in any of the oysters ex- 
amined in this survey. It is possible that our methods 
of examination (phase contrast, dark field, and direct 
illumination microscopy) were at fault. Another possi- 
bilty may be that the floating tray arrangement em- 
ployed in our studies in which the oysters were 
suspended clear of the sea bottom, provided conditions 
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under which the Spirillae described by Dimitroff could 
not survive. 

The high incidence of proteolytic bacteria and of 
types capable of fermenting glucose in the natural 
flora may be of practical significance in post-mortem 
spoilage of food oysters. 

Eliot (1926) divided the spoilage process into three 
stages: acidity increase, abundant gas production, and 
proteolysis. He ascribed the major part of the spoilage 
to the “‘water forms’ described as green fluorescent 
and yellow pigmented groups. Tanikawa (1937) showed 
that Achromobacter, Pseudomonas, Flavobacterium, and 
Micrococcus were responsible for spoilage of oyster 
meat stored at 0 C. Thus it appears that the natural 
flora of the oyster, as defined above, may be the major 
factor in spoilage. Methods of preservation should be 
directed, therefore, to dealing with this flora. 
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SUMMARY 


The study was undertaken to determine the com- 
position of the bacterial flora of oysters held under 
approximately natural conditions in three different 
areas of Washington, with a control held in the salt- 
water aquarium at the College of Fisheries. Most 
probable number of coliform group organisms and total 
viable counts for the 444-month period of study showed 
little or no apparent pollution. 

The group distribution of bacteria classified according 
to genera showed that gram-negative, asporogenous 
rods of Pseudomonas/Vibrio, and Flavobacterium, pre- 
dominated. Gram-positive organisms constituted less 
than 20 per cent of the isolates. No real difference 
appeared to exist in generic distribution of organisms 
isolated from different sites in the oyster or within 
the flora of oysters maintained in different areas of 
Washington. Also, the biochemical abilities, proteolytic 
and weakly saccharolytic, were similar for all organisms 
from each environmental area. 

The “‘commensal” flora of the oyster was compared 
with that found on free-swimming fish and discussed 
in terms of environmental factors. The relationship of a 
natural flora to post-mortem spoilage is also discussed. 
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In nonsterile food products, including those pre- 
served by freezing, the possible survival of those 
bacteria frequently implicated in food-borne illness has 
important public health implications. Borgstrom (1955) 
in a review of the research in the area of the micro- 
biology of frozen foods stated that additional studies 
could profitably be undertaken to elucidate more 
clearly the relationships which may exist between 
bacterial survival and the substrate on which the 
organism exists. Recently, the concept of the unique 
nature and requirements of the bacterial cell which has 
been frozen was forwarded by Bretz and Hartsell (1959). 


1 Published with the permission of the Director of the Wis- 
consin Agricultural Experiment Station, Madison, Wisconsin. 

2 These data are a part of the thesis submitted to the Gradu- 
ate School at the University of Wisconsin in partial fulfillment 
of the requirements for the Ph.D. degree by the senior author 
who was a General Foods Fund Fellow in Home Economics. 

3 Present address: School of Home Economies, Purdue Uni- 
versity, Lafayette, Indiana. 


In the present study, data were obtained on the 
numbers of viable cells surviving freezing, frozen 
storage, and thawing of a single species of each of 
three bacterial genera generally acknowledged as 
causes of food-borne illnesses. Four substrates were 
prepared, each consisting of a single food ingredient 
dissolved or suspended in buffer. To each was added an 
inoculum of viable cells of a single species. Bacterial 
cells suspended in buffer or in physiological saline 
served as controls. Observations were made at three 
temperatures of frozen storage and at intervals over a 
10-week period. 

EXPERIMENTAL METHODS 

Ten-milliliter quantities of the inoculated suspending 
media were frozen in capped test tubes (16 by 125 mm) 
at —11, —21, or —30 C. The tubes were subsequently 
stored at the same temperature as had been used for 
freezing. Duplicate samples were withdrawn after 24 
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hr, 1 week, 4 weeks, and 10 weeks for comparison with 
the original counts. Prior to plating for recovery of the 
viable organisms, the contents of those tubes con- 
taining frozen suspensions were thawed in a constant 
temperature water bath at 37 C for 3 min and then held 
in ice water. Phosphate buffer at pH 7.0 (0.0003 m 
KH,PO,) was used to make suitable dilutions for 
plating. 

Suspending media. Four suspending media each 
representing a single food ingredient were prepared. 
Waxy rice flour, low-dextrin corn sirup, egg white, and 
sodium alginate were selected for the tests. Each of 
these was prepared at a 4 per cent by dry weight con- 
centration in buffer. For comparison, buffer alone and 
0.85 per cent sodium chloride were also included in the 
series (table 1). For the egg white and the rice flour 
substrates, the buffer alone was autoclaved and sub- 
sequently combined with the test substance. The rice 
flour medium was cooked by boiling 1 min with constant 
stirring. The pH was adjusted as a final step in prepa- 
ration for both the egg white and the rice flour mixtures. 
For the other media, the pH was adjusted to 7.0 after 
the medium had been made, sterilized and cooled. The 
sterility of each medium was checked by plating dupli- 
cate 1 ml portions prior to inoculation. 

The rate of temperature change was followed for 
representative samples of each medium both during 
freezing at each of the three temperatures and during 
thawing. For this procedure, a continuous recording 
pyrometer was used. In addition, freezing point de- 
terminations were made by method B from Daniels 
et al. (1949). The viscosity of each medium was de- 
termined with a rolling-ball type viscosimeter. The 
temperatures of the freezers were checked weekly 
during the course of the study. 

Preparation of inocula. Salmonella typhimurium strain 
84 and Staphylococcus aureus strain 196, a coagulase- 
positive strain previously, shown to have the ability 
to produce enterotoxin, were cultivated in nutrient 


TABLE 1 
Suspending media used for the study of the survival of 
microorganisms after frozen storage and thawing 





Test Medium Amount Freezing | Viscosity 


Point (20 C) 
8/500 g Cc cp 

In distilled water 

RM eee ce ees smk Ree sms 4.25 | —0.56 1.0 

KH2PO, (0.0003 mM _ phosphate 

OS pele a Ee eee 0.021. 0.00 1.0 

In 0.0003 m buffer (KH.PO,) 

PRIMO. Loonie sk sos ..| 24.4* | —0.38 1:2 

Waxy rice flour (cooked)........ 20.0 | —0.01 16.0 

Sodium alginate................. 20.0 | —0.20 | 1400.0 

OS SS eee eee 164.0* 


—0.17 1.3 


* To give 4 per cent by dry weight concentration. 
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broth and tryptone glucose extract broth (Difco); 
respectively, on a shaker at 38 C. Streptococcus faecalis 
strain R26 was grown in tryptose broth. A 4-hr growth 
period was selected for each. It had been found in 
preliminary studies that under conditions of these 
experiments the cultures were in the logarithmic growth 
phase at this time. It has been shown that bacterial 
cells tend to be especially sensitive to freezing during 
the logarithmic phase of growth. Bacterial numbers were 
standardized on the basis of light transmission and 


suitable dilutions made to give a final concentration of 


approximately 10,000 cells per gr in the inoculated 
suspending media before freezing. 

Freezing tests. In the experimental plan which was 
followed, six trials were completed for each organism 
tested. Each trial consisted of all six suspending media, 
which were thus inoculated from a single bacterial 
culture. The medium and the inoculum were combined 
by mixing for 30 see with a power blender. After placing 
10 ml of the inoculated medium in the tube, it was 
‘sapped and held in an ice bath until the set had been 
completed. At this time, two tubes were withdrawn for 
a 0 hr count and the remaining divided into three lots for 
freezing at —11, —21, and —30 C, respectively. A 
statistical analysis of a preliminary series had indicated 
that there was no significant difference between counts 
from duplicate tubes. Therefore, the data represent an 
average of two tubes for each of six trials. 

The plating media used for recovery of viable cells 
were tryptone glucose yeast extract agar (Difco) for 
S. typhimurium and S. aureus and tryptose agar (Difco) 
for S. faecalis. Colony counts were made after incuba- 
tion for 24 hr at 37 C for the first two organisms and 
48 hr at 37 C for the third. 

Statistical analyses. An analysis of variance (Snedecor, 
1956) was performed on the data for each of the three 
organisms. Comparisons between media were made 
by Dunean’s multiple range test (Duncan, 1955). 


RESULTS AND Discussion 

The emphasis in these studies was placed on the 
relationship of the suspending medium to the number of 
viable microorganisms subsequent to the combined 
procedures of freezing, frozen storage, and thawing. 
The results of the experiments conducted at a storage 
temperature of —21 C for the three organisms are 
shown in tables 2, 3, and 4. Figure 1 presents the com- 
parison of numbers of surviving cells at the two ex- 
tremes of temperatures used. 

As compared to the 0.0003 m phosphate buffer alone, 
the presence of the added substances tested generally 
appeared to offer marked protection to the suspended 
cells during the freezing, frozen storage, and thawing 
action, although for sodium alginate there were certain 


* Difeo Laboratories, Ine., Detroit, Michigan. 








1960] 


variati 
tection 
mainte 
the or 
peared 
tempe 
S. typ 


Survive 
Suspe 


0.0003 

buff 
Corn : 
Waxy 

(coc 
Sodiu 
Egg w 
* ih 


dry wi 


Survi 


0.000: 

bu 

Corn 

Wax: 

(cc 

Sodii 
Egg 
* 


dry 
Suri 
Si 


0.00 


Cor 
Wa 


Soc 
Eg 


dry 





IL. 8 


»0),! 
-alis 
wth 
1 in 
hese 
wth 
rial 
ring 
vere 
and 
n of 
ited 


was 
Lism 
dia, 
rial 
ined 
cing 
was 
een 
. for 
s for 
OA 
ated 
unts 
{ an 


cells 

for 
feo) 
iba- 
and 


CO, 
hree 
ade 
55). 


the 
r of 
ined 
ing. 
rage 
are 
om- 
eXx- 


one, 
‘ally 
ided 
ving 
tain 





1960] 


variations in the results. If the highest degree of pro- 
tection offered by a medium is assumed to be the 
maintenance of the numbers of cells at approximately 
the original level, then the boiled waxy rice flour ap- 
peared to be particularly effective. At the lowest of the 
temperatures of frozen storage, the viable numbers of 
S. typhimurium, S. aureus, and S. faecalis suspended 


TABLE 2 
Survival of Salmonella typhimurium in five substrates stored at 
—21 C as determined by plate counts after thawing 


Storage Time 
Suspending Medium 


0 24 hr 1wk | 4wk 10 wk 
viable cells per ml 
0.0003 Mm phosphate 
buffer (KH2PO,) 
Corn sirup*...... 
Waxy rice flour 


18 ,000 540 95 41 10 
16,000 | 3,700 1,100 300 220 


(eooked)*.... 17,000 | 14,000 | 11,000 | 8,500 | 7,200 
Sodium alginate* 18,000 | 6,700 | 6,600 900 1 
Egg white*... 16,000 7,500 | 5,800 | 4,100 


8,800 


* In phosphate buffer to give approximately 4 per cent by 
dry weight concentration. 


TABLE 3 
Survival of Staphylococcus aureus in five substrates stored at 
—21 C as determined by plate counts after thawing 


Storage Time 
Suspending Medium 


0 24 hr 1 wk 4 wk 10 wk 


viable cells per ml 
0.0003 m phosphate 
buffer (KH2PO,) 
Corn sirup* 
Waxy rice flour 
(cooked) *. .. 
Sodium alginate* 
Egg white*..... 


13,000 400 120 48 19 
13,000 7,600 4,600 | 2,300 980 


15,000 | 6,000 | 4,100 | 1,800 | 960 
19,000 0 0 0 0 
10,000 | 4,400 | 2,600 550 | 220 


* In phosphate buffer to give approximately 4 per cent by 
dry weight concentration. 


TABLE 4 
Survival of Streptococcus faecalis in five substrates stored at 
—21 C as determined by plate counts after thawing 





iS | 
Storage Time 
Suspending Medium 


0 24 hr Jwk | 4wk 10 wk 
viable cells per ml 


0.0003 Mm phosphate 


buffer (KH.PO,).) 11,000 930 320 83 30 
Corn sirup* 13,000 8,700 | 9,100 | 6,400 | 6,800 
Waxy rice flour 

(cooked)*. . 15,000 | 9,200 6,500 4,800 | 3,800 
Sodium alginate* 18,000 | 2,700 200 1 0 
Egg white*.. 13,000 1,700 610 | 1,100 


2,300 


* In phosphate buffer to give approximately 4 per cent by 
dry weight concentration. 
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in the rice flour medium did not decrease significantly 
from the 0 hr count after 10 weeks of frozen storage. 
This was also true in the following cases: at —21 and 
—30 C for S. faecalis and at —30 C for S. aureus when 
these inocula were in the corn sirup medium. In all of 
the other medium-temperature-time-microorganism 
combinations there was a significant decrease in the 
number of viable cells over the 10-week period although 
the extent of the change differed. 

Additional comparisons of the experimental results 
for the different suspending media were made by ap- 
plying Dunean’s multiple range test. For S. typhi- 
murium, rice flour and egg white gave counts signifi- 
vantly higher (5 per cent level) than the other four 
substrates over all time periods at each of the three 
temperatures. Corn sirup proved inferior to these two 
media in terms of recovery of viable cells but was 
superior to buffer alone at each temperature. For S. 
aureus, after 24 hr the protection offered by rice flour, 
egg white, and corn sirup at each temperature was 
significantly greater than by buffer alone. This was 
also true through 10 weeks at —30 C but at —21 C, 
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Figure 1. Survival subsequent to thawing of inoculated cells 
frozen and held at —11 C and —30 C in five suspending media: 
0.0003 m phosphate buffer (IKH2PO;), 4 per cent waxy rice flour- 
cooked (RF), 4 per cent egg white (EW), 4 per cent corn sirup 
(C'S), and 4 per cent sodium alginate (NaA). 
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the egg white was not significantly different from the 
buffer. At —11 C and after 10 weeks, the number of 
viable cells recovered from all media tested was small. 
For the third organism used in the series, S. faecalis, 
rice flour and corn sirup media gave counts significantly 
higher than the four other media over all time periods 
and at each temperature. Egg white permitted fewer 
cells to survive than did these two media but yielded 
significantly higher counts than did the buffer alone. 

The sodium alginate medium appeared to produce 
the most variable effect upon the maintenance of 
bacterial cells of the different genera which were sub- 
mitted to freezing, frozen storage, and thawing. Counts 
significantly higher than for buffer alone were observed 
only in those samples held at —30 C for S. faecalis and 
—21 and —30 C for S. typhimurium. For the latter 
organism, counts from the sodium alginate were not 
significantly different from those in the corn sirup. For 
both genera at these temperatures, egg white and rice 
flour media and, for S. faecalis, corn sirup gave sig- 
nificantly higher recovery than did the sodium alginate. 
In the three trials conducted for S. awreus in the sodium 
alginate medium, no viable cells were recovered at the 
end of the first test storage period (24 hr) although 0 
hr counts were in the average range. 

For each of the three genera, the interaction between 
medium and temperature was highly significant (1 per 
cent level). With the possible exception discussed 
below, there was progressively less destruction of the 
cells as the temperature of frozen storage decreased 
(figure 1). These results are in general agreement with 
those previously reported in the literature (Borgstrom, 
1955). However, the effect of the suspending media 
tended to remain in the same position over all tem- 
peratures if ranked in the order of the number of viable 
cells recovered at each test period. 

The data for the cells suspended in the physiological 
saline have not been presented with the others as, in 
general, low numbers of surviving cells of each of the 
three genera were recovered at the end of the first 
storage period (24 hr). This medium appeared to be less 
destructive for S. faecalis than for the other two or- 
ganisms, however. For this organism, the highest count 
of viable cells was found in the lots held at —11 C 
rather than at the lower temperatures. At —11 C only, 
saline was comparable to the egg white medium and 
not significantly different from buffer in its ability to 
maintain all counts. After 10 weeks, even for S. faecalis, 
few cells were recovered at any temperature. 

The analysis of variance carried out on the data for 
each genera indicated that for all three the effect of 
suspending medium was highly significant as were 
storage temperature and storage time. There were 
also highly significant interactions between medium 
and time, medium and temperature, time and tem- 
perature, and medium, time, and temperature for S. 
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aureus and S. faecalis. The only significant interaction 
for S. typhimurium was between medium and tempera- 
ture; all other interactions tested were not significant 
at the 5 per cent level. Considering the data as a whole, 
the coefficient of variability (CV) in each series was 22.0 
per cent for S. aureus, 32.0 per cent for S. typhimurium, 
and 20.4 per cent for S. faecalis. 

It is obvious that the problem of bacterial cells 
surviving in a given frozen food is related to its com- 
position. The results obtained in this study indicate 
that more than one type of substance gave protection 
from the lethal effects of freezing to bacterial cells 
which are potentially of the food poisoning type. The 
explanation for the mechanism of the effect of even 
single components, as attempted here, offers difficulties. 
In each case, the results attained represent the effect of 
a multiple set of actions on the bacterial cells and the 
precise interpretations of the data are thus limited. 
Further limitations are imposed by consideration of 
such factors as that of the lysozyme present in egg 
white. Also, the diluent used may have had an adverse 
effect on recovery as indicated by the data of Bretz 
and Hartsell (1959). As only a single strain of each of 
the species was utilized in the testing, the data may 
not be representative. 

One factor which would appear not to have influenced 
the findings was the freezing points of the media as 
these did not vary greatly (table 1). The rates of freez- 
ing and cooling also appeared to be very similar at any 
one temperature for all of the media although the equip- 
ment available established limits of precision in meas- 
urement. The freezing temperature was reached uni- 
formly by all of the media in 9 min at —11 C, 7 at 
—21 C, and 5 at —30 C. At —11 C, an average of 130 
min was required for the temperature of the solutions 
or suspensions to reach —10 C; at —21 C, 66 min; 
and at —30 C, 46 min. The thickest medium (table 1), 
4 per cent sodium alginate, appeared to warm the most 
slowly during the thawing period, reaching an average 
temperature of 4 C at the end of 3 min as compared to 
14 C for buffer alone. 

Certain properties of the substrates which offered 
protection to the suspended cells are suggested as 
meriting further investigation. The presence of sugars, 
as in certain of the substrates in this series, might 
function in stabilizing the osmotic pressure on the cell 
in the cycle of freezing, frozen storage, and thawing. 
Its apparent role in the last step has led to the recent 
recommendation of a sucrose-containing diluent for 
frozen bacterial suspensions (Bretz and Hartsell, 1959). 
Sugar was one of the substances shown by McFarlane 
(1940) to change the character of the frozen mass. As 
with other solutes added to pure water, it tended to 
concentrate in certain areas of the ice mass but also 
increased the uniformity of dispersion of suspended 
materials. 
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The protective effect of colloids has been much 
discussed and investigated although few conclusions 
that explain this action have been possible. Of the 
substrates in this study, sodium alginate, rice flour, 
and egg white were colloidal in nature. Meryman 
(1956) has suggested that one mechanism of action may 
be the alteration of freezing patterns and the decreased 
rate of recrystallization in their presence. The difference 
in the behavior of water, whether present in the bound 
or free state, may be a related factor in the results 
observed in the use of colloidal substances. The po- 
tential advantage of a salt buffering or adsorbing action 
must also be considered. 

The death of the bacterial cells may occur during the 
initial freezing, frozen storage, or thawing. As these 
phases could not be identified separately in the 0 to 24 
hr comparison, it should not be assumed that the most 
rapid decrease in numbers of viable cells occurred with 
the initial freezing. The importance of the thawing 
period has been stressed in recent work reported by 
Bretz and Hartzell (1959). The contrasts in the slopes 
of the curves, however, if considered from the 24-hr 
period to the 10-week might indicate that at least part 
of the effect of frozen storage does depend upon the 
substrate. 

Although an explanation of the protective effect of 
certain food ingredients on the bacterial cells during 
frozen storage and thawing cannot yet be given, it 
would appear from the data that there is a liklihood of 
substances being present in foods that would afford a 
high degree of protection from freezing damage to the 
bacterial cells of those species that are grouped as 
causes of food-borne illnesses. 
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SUMMARY 


Suspending media incorporating single food ingre- 
dients which were compared for effect on the viability of 
suspended microorganisms during frozen storage in- 
cluded 4 per cent concentrations of waxy rice flour 
(cooked), corn sirup, egg white, and sodium alginate in 
0.0003 m phosphate buffer. Comparable numbers of 
bacterial cells suspended in physiological saline or 
0.0003 m phosphate buffer served as controls. The 
organisms used for inocula were Salmonella typhi- 
murium 196, Staphylococcus aureus 84, and Streptococcus 


faecalis R26. Periods of frozen storage extended through 


10 weeks at —11, —21, and —30 C. 

The addition of the rice flour, corn sirup, or egg 
white to the phosphate buffer resulted in the main- 
tenance of increased numbers of viable cells at each 
temperature and time under the experimental con- 
ditions. The extent of this effect for each ingredient 
differed with the organism, time and temperature. These 
differences were most marked in the recovery of viable 
cells from the sodium alginate medium. With one 
apparent exception, the greatest number of cells sur- 
vived at each time period at the lowest temperature 
(—30 C) and least at the highest (—11 C). 
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The Lancefield group D streptococci have recently 
received much attention as possible indicators of fecal 
contamination of water and various foods. When 
appropriate media are used, the enterococci can be 
found more consistently, and usually in greater num- 
bers, than the coliforms (ef Larkin e¢ al., 1955; tables 1 
and 2). Nevertheless, Mundt et al. (1958) isolated a large 
number of bacteria which were similar to, but not 
identical with, Streptococcus faecium from various 
sources other than the intimate human and animal 
environment. The latter authors usually were unable to 
isolate known intestinal residents concurrently with the 
streptococci, and thus were of the opinion that the 
question of significance of the enterococci in frozen 
foods, ‘should be held in abeyance, pending further 
studies of the ubiquity of these organisms in nature, 
their origins, their identity, and alternative routes of 
entry during processing.” 

One could assume, possibly erroneously (ef Litsky 
et al., 1955; Dack, 1955), that the coliforms are an 
adequate measure of the sanitary history of frozen 
foods. If the enterococci also arise from human negli- 
gence, there should be a close correlation between the 
relative numbers of coliforms and enterococci in the 
material examined. Litsky ef al. (1955) reported that 
an increase in the Escherichia coli index generally was 
followed by a predictable increase in the enterococcus 
index of river waters. The following report encompasses 
the results of a comparative study of the relative num- 
bers of coliforms and enterococci in one type of frozen 


food. 
MATERIALS AND METHODS 


Chicken pies were obtained either directly from a 
processor of frozen foods (table 1), or were purchased 
through retail channels in Ames, Iowa (table 2). The 
former samples represented 19 biweekly lots of 24 
samples each. Usually the samples were taken from a 
processor’s line in quadruplicate every )9-hour until 24 
samples had been obtained. The commercial samples 
were plated on the second day following the processing 
date, except for several occasions when the storage 

1 Journal paper no. J-3727 of the Iowa Agricultural and 
Home Economics Experiment Station, Ames, Iowa. Project 
no. 1379. This investigation was supported (in part) by research 
grant no. E-1141 from the Institute of Allergy and Infectious 


Diseases of the National Institute of Health, Public Health 
Service. 


114 


period was extended to 3 days at —15 C. The retail 
samples were plated within 1 week of receipt. 

Plating procedures were those reported by Zabo- 
rowski et al. (1958). The pies were tempered for 1 to 3 
hr at 5 C, a 100-g sample of the contents (crust not 
included) was weighed into a sterile, tared blender 
container, 400 ml of sterile diluent were added, the 
material was homogenized for 2 min, then appropriate 
dilutions were made and plated. Total counts were made 
using BBL Trypticase Soy Agar? and an incubation 
period of 2 days at 32 C. Enterococcus counts were 


? Baltimore Biological Laboratory, Inc., Baltimore, Mary- 
land. 


TABLE 1 


Relationships between coliform, enterococcus, and total counts 
in 456 chicken pies obtained from one processor 





A. Numbers of samples with various coliform: total 
count ratios 





Total count per g 
Coliforms per g Isic = 





| 








l 
Below 10% | 103 to 104 | 10* to 105 Over 105 
Re eS eae 
| | 

Below 3... 0.4... | 0 | 94 | 82 3 
| eres } oO | 41 | 9 | 10 
10' to 10?......... | Oo | 23 | 6 | 28% 
eee WF... ......; | 0 | 0 | 8 12 

B. Numbers of samples with various enterococcus: total 


count ratios 





Total count per g 


Below 10 





Enterococci per g 


j 

| 

| 

| 

| 

| | 
| | 

| 

| 

| 





108 to 104 104 to 105 | Over 10° 
— aennl Gane — |—_— _ 3 
Below 10? ........- 0 15 1 | 0 
MP to 10°... ..... 0 | 104 41 2 
a te 20"... 5. 0 30 136 | 15 
Over iO... .......%.. 0 0 23 2 


C. Numbers of samples with various coliform:enterococcus 
ratios 


Enterococci per g 
Coliforms per g scaiititiesiepihitiapainton 


Over 10+ 


Below 102 102 to 108 10 to 10# 
Below 3)... .:. <<<. 11 84 | 76 4 
NDS nS Sito wk | 4 | 44 86 10 
10' to 102........ | 1 19 63 26 
Over I@*.......... 0 1 7 12 
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made using the medium of Barnes (1956a, b, ¢) and 
Barnes et al. (1956), with several modifications, as 
follows: the incubation period was extended to 2 days 
(Fanelli and Ayres, 1959), the glucose was incorporated 
into the basal medium prior to sterilization, and poured 
plates with a sterile agar overlay were used. Red 
colonies comprised the enterococcus count. Coliforms 
were enumerated on violet red bile (VRB) agar (Hart- 
man, 1958). 
RESULTS AND DIscUSSION 

Coliform, enterococcus, and total counts were ob- 
tained on 456 commercial chicken pies which had been 
processed, frozen, and stored under known conditions. 
If the assumption could be made that contamination 
from fecal sources should result in relatively greater 
increases in both coliform and enterococcus counts 
than in total counts, then coliform-enterococcus rela- 
tionships should be in closer agreement than the re- 
lationships of either count to the total count. As indi- 
cated by the italicized figures in table 1, similar trends 
were noted in all three comparisons. Increases in one 


TABLE 2 
Relationships between coliform, enterococcus and total counts 
in 616 chicken pies purchased in retail stores 





A. Numbers of samples with various coliform:total 
count ratios 








Total count per g 
Coliforms per g ees 
Below 103 





103 to 104 104 to 105 Over 105 
= eee =) SS es ee 
Below 3........ 15 97 | 1387 40 
a r a 15 28 | 36 28 
10' to 10?...... ; 7 8 | 55 12 
Over 107... 2... 0... 0 1 | 8 | 3 


B. Numbers of samples with various enterococcus:total 
count ratios 





Total count per g 
Enterococci per g 


Below 108 





103 to 104 104 to 105 Over 105 
Below 10?.........| 30 | 45 | 29 0 
10? to 10... es ae 71 86 CO 4 
10 to 10'........ 0 | 14 , 106 =| 12 
Over 10!....... 0 0 | 12 67 





C. Numbers of samples with various coliform:enterococcus 
ratios 
Enterococci per g 
Coliforms per g —- 


Below 102 10? to 108 | 10% to 104 Over 104 
— icicles - = ae Se ae eee ea 
Below $.......... 54 | 10h | 88 | 8% 
Co en 33 34 23 | 24 
10! to 202... 18 24 21 17 
Over 107... ... 0 4 2 4 





count were, in general, associated with concomitant 
increases in the other two counts. Coliform counts 
were more closely related to enterococcus counts (C, 
table 1) than to total counts (A, table 1), however, the 
enterococcus counts were more closely related to total 
counts (B, table 1) than to coliform counts (C, table 1). 
Even when adjustments were made for greater freeze- 
kill of coliforms than of enterococci (Ianelli and Ayres, 
1959), the coliform:enterococcus relationship still was 
not in as close agreement as would have been expected 
had both counts been indicators of contamination from 
a similar source. 

The data shown in table 1 also indicated that the 
coliform counts were not very independent of total flora 
present (A, table 1). Thus, the practice of performing 
coliform counts on such foods seemed to be of dubious 
value in obtaining useful information not shown by the 
total count regarding the sanitary history of the prod- 
uct. To obtain a more definitive answer to this problem, 
the mean counts of each of the 19 lots of pies were used 
to calculate the ratios of one count to another. The 
degree of variation in the ratios was assumed to be a 
reflection of the degree of independence of one count 
from another. Little variation occurred in the total 
count: enterococcus count ratios, which indicated a close 
interdependence between these two counts. Variations 
experienced in enterococcus:coliform and total count: 
coliform count ratios were 4 and 15 times greater, 
respectively, than were variations in the total count: 
enterococcus count ratios. Because the variation in 
enterococcus: coliform ratios was intermediate between 
the variations found for the other two ratios, there was 
still an apparent relationship between coliform and 
enterococcus counts which should be _ investigated 
further. The coliform counts, however, more nearly 
approached independence from the total counts than 
did the enterococcus counts. 

Counts obtained from 516 retail samples are given in 
table 2. (The figures in each section of the table do not 
total 516 because on several occasions a count was 
missed). Nine brands of frozen chicken pies were 


TABLE 3 
Number of samples with various coliform:enterococcus ratios 
in chicken pies from selected processors 





| Enterococci per g 














| Below 10? 102 to 103 10% to 104 Over 104 
Coliforms per g 

| Processor: 

lelcla|elo|H|ez clu) e|G| m 
eS eS ee a ee |—|- — | — | —_| —_ | —— 

fee utae.t} ee es a ea 
Below 3......| 19 | - | - | 31 | i{+[e1s'2 eee 
SN ae lua|-|-| 6|-|-[5|-[2|-|-| 2 
10' to 10?.....| 1] -|-| 4]16)/-|3)-|-|-|-]| 6 
Over 10?...... | €i-j9i7 ) Miele sie aia 
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examined. The trend in enterococcus: total count ratios 
(B, table 2) was similar to that described previously 
(B, table 1). Distribution patterns of coliform: total 
counts (A, table 2) and coliform:enterococcus counts 
(C, table 2) were dissimilar to those described above 
(table 1). Coliform recovery no longer responded to 
changes in enterococcus and total counts. These changes 
in pattern were probably caused, in large part, to the 
differential effect of frozen storage on the bacterial 
populations examined (Fanelli and Ayres, 1959). 
Coliform:enterococcus ratios also were observed to 
differ greatly between processor and somewhat between 
different lots of similar product produced by the same 
processor (table 3). For example, products of processor 
E were fairly low in total and enterococcus counts, 
yet relatively large quantities of coliforms were found. 
Only two 12-pie case lots from processor G could be 
obtained during the course of this study, but these 
pies were found to be fairly high in total and coliform 
counts, while the enterococcus counts were relatively 
low. On the other hand, products of processor H were 
high in total and enterococcus counts, yet low in 
coliforms. These differences in pattern were evidently 
reflections in differences in the original populations 
(table 1) as well as differences in postprocessing han- 
dling. The possibility still existed that microbial 
antagonisms might also have an effect on the counts 
obtained. The microbial flora, product formulation, 
environment, or other factors from some processing 
plants might have been detrimental to adequate 
recovery of coliforms on the VRB agar plates. A strain 
of Escherichia coli was isolated from a low total, low 
streptococcus, high coliform product and was cultured 
for 24 hr at 37 C in nutrient broth. Appropriate quanti- 
ties were added to three types of low coliform products 
after the samples had been plated in the usual manner. 
Each sample was homogenized an additional 30 sec and 
replated. The per cent recoveries of added EF. coli were 
similar, regardless of whether the culture was added to 
products which originally contained high total-high 
streptococcus, low total-high streptococcus, or low 
total-low streptococcus counts. Thus, the brands which 
yielded high streptococcus and low coliform counts did 
not appear to contain substances which were inhibitory 
to the strain of E. coli which was intentionally added. 
The above studies on frozen chicken pies corroborate 
those of Mundt et al. (1958) on the incidence of entero- 
cocci in the environment. As was stated by Mundt 
et al. (1958), ‘‘one may question the significance which 
may be attached to the presence of the enterococci in 
frozen foods at the present time.’’ The problem has 
evolved from one of obtaining maximum recovery of 
the enterococci into one of obtaining selective recovery 
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of the enterococci. Further advances in this direction 
apparently must await the rediscovery or development 
of a medium which will selectively inhibit streptococei 
of similar physiology to those of fecal origin. 
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SUMMARY 


In freshly frozen chicken pies, enterococcus counts 
were more closely related to total counts than to coli- 
form counts, while coliform counts were more closely 
related to enterococcus counts than to total counts. 
Coliform counts were diminished in pies purchased 
from retail stores, and coliform counts on such products 
could no longer be related to either enterococcus or 
total counts. Unusual ratios of the above counts to 
one another in pies from selected processors could not 
be attributed to inhibition of Escherichia coli by the 
products themselves. 
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Microbiologists and biochemists interested in micro- 
bial metabolism have been preoccupied for many years 
with the oxygen utilization of microorganisms. The 
closed system (manometric) respirometers designed by 
Barcroft and Haldane (1902), Barcroft (1908), and 
Warburg (1919) 40 to 50 years ago were soon employed 
for measuring this type of metabolic activity. About 
30 years ago, Harvey (1928) and Shoup (1929) studied 
the oxygen consumption of luminescent bacteria by 
measuring the characteristic dimming of luminescence 
below certain dissolved oxygen concentrations. The 
present author described an open system respirometer 
designed to measure oxygen consumption by micro- 
organisms more than 20 years ago (Donovick and 
Beckwith, 1936). 

As the literature on methods of measuring oxygen 
consumption has grown, a subtle change in viewpoint 
has also occurred. The expression ‘oxygen consump- 
tion” has become “oxygen requirement.” It seems rea- 
sonable to question whether the amount of oxygen 
which an organism uses is necessarily equivalent to the 
amount it actually requires. It also seems pertinent to 
remind ourselves that the amount of oxygen required 
for maximum production of microbial growth and multi- 
plication is not necessarily equivalent to that required 
for maximum biosynthesis of a specific compound. The 
nutritional requirements to obtain maximum cell multi- 
plication often do not coincide with the requirements 
for maximum antibiotic production. This is clearly 
demonstrated in the biosynthesis of penicillin. The 
mold Penicillium chrysogenum is certainly capable of 
utilizing more glucose than is optimum for penicillin 
production. In fact, very little penicillin will be formed 
if glucose is supplied ad libitum. Therefore, there is 
reason to question whether the rate of utilization of 
any nutritional substance is actually a measure of the 
nutritional requirement for carrying out a specific 
biosynthesis. In the same sense it would seem foolish 
at present to state that an animal’s nutritional require- 
ments are equal to the amount the animal is capable 

' Based on a lecture presented at the Antibiotics Symposium, 


Prague, Czechoslovakia, and Institute of Microbiology of the 
Academy of Science, Moscow, USSR, 1959. 


of consuming. Is it not reasonable to apply this same 
argument with regard to oxygen utilization? There- 
fore, it seems worthwhile to look critically at the basis 
for claims of so-called oxygen requirements. 

Since World War II, during which period there has 
been a tremendous upsurge in interest in biosynthesis 
as a very practical tool, there are many generalized 
statements on oxygen demand in connection with anti- 
biotic production. Agitation and aeration are generally 
spoken of together and, in fact, the conclusion has been 
drawn that agitation is important primarily as a means 
of aiding aeration. To quote Marvin Johnson (1951), 
for example, “It is impossible to speak of aeration and 
agitation separately, since in penicillin fermentation 
the chief function of agitation is the dispersal of air 
and the mixing of the medium to bring dissolved oxygen 
to the cell surface.”’ 

The fine exploratory work of Brown and Peterson 
(1950), Hixson and Gaden (1950), and Bartholomew 
et al. (1950) certainly showed that agitation and aera- 
tion play an important role in the biosynthesis of some 
antibiotics but, on close examination of these studies, 
one finds that there is no proof that the chief role of 
agitation has to do with oxygen transfer. Yet this im- 
pression is left with the reader. That this impression 
persists in the literature can be seen in Finn’s masterful 
review (1954) on agitation and aeration, despite this 
author’s recognition of the difference between a critical 
oxygen requirement for maintenance of life for aerobic 
microorganisms and the requirement of oxygen for 
carrying out certain biosyntheses. 

A somewhat different approach to the question of 
the role of agitation-aeration in biosynthetic processes 
was taken by Chain et al. (1952). These authors stated 
that aeration is essential for growth of many micro- 
organisms and that an efficient aeration technique is, 
therefore, required. From this study one would be led 
to believe that agitation per se plays no significant role 
whatsoever just as long as aeration occurs. Thus they 
advocated mixing the fermentation broth in an un- 
baffled fermentor thereby deliberately creating a vortex. 
From an engineering standpoint this type of mixing, 
of course, is highly inefficient. 
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The thesis that the chief role, if not the sole role, of 
agitation in fermentations is to provide oxygen.to the 
microorganism has some troublesome flaws which need 
examination. These can be demonstrated by studying 
a specific type of fermentation such as that of making 
penicillin. There is no doubt that within limits, in- 
creasing agitation leads to improved penicillin yields. 
We have seen this in our own work as have many other 
workers in the field. Exemplary results taken from some 
of the findings in the Squibb Institute are shown in 
figure 1. 

These findings, however, do not in themselves provide 
a clue on the specific effect of agitation. It is known that, 
by employing the commonly used methods of measuring 
oxygen transfer (Bartholomew et al. (1950); Hixson 
and Gaden (1950)), increasing agitation also increases 
rate of oxygen transfer. At the same time, however, it 
is known that agitation in fully baffled fermentors can 
be much more efficient than that which occurs in shake 
flasks on a rotary shaker. If agitation is concerned 
primarily with oxygen transfer, and if penicillin produc- 
tion is also highly dependent on oxygen transfer, then 
how can we explain essentially equal penicillin potencies 
being found in shake flasks as in well-agitated fermen- 
tors? 

Deindoerfer and Gaden (1955) showed that the pres- 
ence of mycelium of Penicilliwm chrysogenum as well 
as that of a defoaming agent greatly reduced transfer 
rates from air bubbles to a broth having a composition 
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typically used for penicillin fermentations. In this 
work nonmetabolizing mycelium which had been poi- 
soned by sodium azide was used for measuring this 
effect. With a concentration of 13.4 g dry tissue per L, 
oxygen absorption rates were reduced by 85 per cent, 
The surface active agent which also caused marked 
effects on oxygen absorption by the broth consisted of 


3 per cent Alkaterge C in lard oil. The conditions em- | 


ployed for these tests are recognized as being different 
from those in which an active fermentation is going on, 
particularly since there was no active oxygen acceptor 
such as an actively metabolizing mold would present. 
However, the findings do indicate that under normal 


fermentation conditions oxygen transfer must be only § 


about 10 per cent that which would occur in the trans- 
fer of oxygen to pure water from air bubbles. In fact, 
these studies would lead one to believe that the meas- 
urements of the effect of mixing on the rate of oxygen 


uptake by sulfite solutions may have very little rela- f 
tionship to effect of mixing or oxygen uptake by actively 7 


fermenting mycelia. There is also the implication that 
successful penicillin fermentations may occur under 
conditions in which oxygen transfer is very inefficient 
since appreciable amounts of mycelium and defoaming 
agents are both present under practical conditions. It 


has been shown in various studies during the past 10) 


or 12 years that addition of fatty oils to a cornsteep- 
lactose medium actually. accelerates penicillin produc- 
tion. Perlman and Langlykke (1953) showed that such 
oils could be substituted for the carbohydrate without 
loss of yield. Judging from the findings of Deindoerfer 
and Gaden (1955), oxygen transfer under these condi- 
tions would be very inefficient. In addition, the fol- 
lowing studies from our laboratories by Pan et al. (1959) 
are certainly pertinent here. 

These workers found that when they substituted 
glycerides for carbohydrates, hydrolysis of the glye- 
erides occurred and insoluble calcium soaps appeared. 
As these soaps separated from the medium, an apparent 
deprivation of the energy supply caused the organism 
to autolyze and the production of penicillin to stop. 
However, by adding relatively large amounts of non- 
metabolizable mineral oil it was possible to keep the 
calcium soaps suspended in the medium and penicillin 
titers exceeded those of the lactose controls (figure 2)? 

This work was done in ordinary Erlenmeyer flasks 
on a rotary shaker. It was of interest to recheck these 
findings in agitated fermentors and this was done in a 
series of runs in 10-gallon stainless steel fermentors with 
an agitation rate of 0.7 HP per 100 gallons. Some of 
these findings are shown in figure 3. 

Thus we have demonstrated in both shake flasks 
and in small stainless steel fermentation tanks that re- 
markably good penicillin potencies are possible under 
conditions which Deindoerfer and Gaden (1955) had 


2 Data kindly provided by Dr. 8. C. Pan. 
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shown to be very poor, indeed, for oxygen transfer. Is 
it not reasonable, therefore, to suggest that we should 
take a fresh look at the role of agitation in biosynthetic 
processes? 

Let us readily admit that oxygen transfer is certainly 
one factor affected by agitation. What other factors 
must we consider? I believe that no one will argue with 
the idea that the concentration gradient of all solutes in 
the immediate vicinity around the microorganism will 
be affected. This will include all nutritional substances 
moving into the cell and all waste products moving out 
of the cell. These concentration gradients in turn will 
have an effect on the diffusion rates of these solutes 
into and out of the cell and, also, since the diffusion 
rates will control the concentration of various solutes 
within the cell, the reaction rates within the cell will 
be affected. To what solutes are we referring? Obviously 
we do not know all of them and perhaps we are not yet 
aware of those which are the most significant. But all 
involved in biosynthetic studies are certainly ac- 
quainted with some of the solutes which appear to be 
important. Thus, for various reasons many of us make 
measurements of some of these compounds in almost a 
routine manner. lor purposes of this discussion, I shall 
continue to use penicillin biosynthesis as the example. 

Figure 4 shows typical data which are often gathered 
for studying a penicillin fermentation. Though very 
commonly employed, presentations such as this figure 
consist in reality of an odd mixture of things. Thus, 
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Figure 2. Substitution of lipid for carbohydrate in penicillin 
fermentation. 
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antifoam and sugar utilization are cumulative figures 
whereas the figures for organic nitrogen and NH3;-N con- 
tents are not. Nevertheless, such graphs are useful for 
detecting what are considered to be abnormal fermenta- 
tions. The data provided in such a study can be in- 
terpreted in a number of ways. For present purposes it 
is interesting to visualize what is going on at the surface 
membranes of the mold. For this study we shall analyze 
the data having to do with the 50th hr of the fermenta- 
tion. 
Calculation of Surface Area of Mycelium 


By the 50th hr, the mycelial weight is nearly stabi- 
lized and there are about 34 g of mycelium (dry wt) per 
L. Microscopic examination of the mold reveals that the 
average diameter of mycelium is about 8 u. We assume 
that the density of the living mycelium is approximately 
that of water, that is, 1 g per ml. If, for purposes of 
calculation, we assume that all of the mycelium present 
is essentially cylindrical in shape, then we come to the 
somewhat astonishing finding that each liter of whole 
broth contains a long and very tangled cylinder of 
mycelium, 8 yu in diameter and 680 kilometers in length. 
For the purpose of this discussion, interest should be 
centered in the surface area which it presents. Continu- 
ing the assumption that the tangled mycelium is es- 
sentially a continuous cylinder, the surface area would 
be 1.7 X 10” 2 per ml. For purposes of further caleu- 
lations we shall use the figure 2.0 < 10! y? per ml. 


Calculation of Rate of Passage of Various 
Substances Through Mycelial Membrane 
Using the 50 hr figures for rates of sugar utilization, 
penicillin production, and so forth (figure 4), the rates 
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at which some of these molecules must be passing 
through the mycelial membrane can be calculated. Some 
of these calculations are shown in table 1. 

Since very little is known about the intermediary 
metabolism which is going on under practical fermenta- 
tion conditions, we are forced to use a combination of 
measurements consisting of these we have made ex- 
perimentally plus those calculations we can make if 
we make certain assumptions. Thus, for example, let 
us assume that all the glucose utilized by the mold is 
oxidized completely to CO. and H,O. This we know is 
not actually what occurs, but this type of calculation 
will give us some sort of concept of what the maximum 
requirements for oxygen might be. This also gives us 
the maximum amount of CO, which would need to be 
transported out of the cell. 

As can be seen in table 1, quite fortuitously penicillin 
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is being produced at an average rate of 1 molecule per 
u° mycelial surface per millisecond. Glucose is passing 
into the cell at about 30 times that rate, and if the mold 
were to oxidize it all to COs, 181 molecules of oxygen 
would need to pass into the cell for every penicillin 
molecule coming out. The same would be the case for 
COz and H.O coming out of the cell. 

Obviously, the calculations for Os, COs, and H.0 
are very much on the high side since the mold is utiliz- 
ing the carbon provided by glucose for both cell growth 
and penicillin production. We can appreciate the order 
of magnitude of what is going on from the work of 
Stout and Koffler (1951), who studied glucose assimila- 
tion by Penicillium chrysogenum. The authors reported 
that under the conditions of their particular tests, one 
to two molecules of oxygen were used for each molecule 
of glucose assimilated. If a similar situation prevailed 
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in the present studies, the oxygen required for glucose 
assimilation would be at the rate of 30 to 60 molecules 
of oxygen per molecule of penicillin produced. 


Relative Availability of Oxygen, Glucose, and 
Other Nutritional Requirements 


We can observe from the above discussion and from 
data in table 1 that, as a first order of approximation, 
the mold will utilize about 30 molecules of glucose and 
perhaps 30 to 60 molecules of oxygen for each molecule 
of penicillin produced. At the same time the organism 
will utilize 1.56 molecules of phenylacetic acid and 9.1 
molecules of NH;-N for each molecule of penicillin 
made. Under practical conditions how can we estimate 
the relative availability of each of these molecules to 
the mold? One approach might be the concentration of 
each type of molecule relative to the theoretically avail- 
able mycelial surface. For example, in a saturated solu- 
tion of Os in water under air at 10 psig at 25 C it can be 
calculated that there will be 14 mg Oz per L of water. 
Since a fermenting broth is far from being pure water, 
this figure can obviously be far off from what actually 
exists. At least, though, this figure gives the order of 
magnitude of a maximum figure. Using the earlier esti- 
mate of cell surface, that is, 2 X 10" yw? per ml in the 
broth, a simple calculation shows that there would be 
1.3 X 107 molecules of oxygen per y? of mycelial surface. 


Relative Availability of Oxygen 
14 mg O./L = 14 X 10-6 g Oo/ml 


if x 10-* x 6.02 x 10% Molecules 
32 g mole 
/ = 2.6 X 10” molecules/ml 
26 X 10” molecules Oz 
2 X 10" yp? surface area 








= 1.3 X 10’ molecules O2/y” mycelial surface 


TABLE 1 


Rate of passage of various substances through mycelial membrane 











| Average 
| Rate of 
Ingredient Rate at 30 Hr | ag gms ng | Molecules 
| per wu? per 
msec 
—— — —_ _ u —_—— — 
Memeee®, sc. cn cs cine 0.065 | 6.05 X 104% | 30.2 
Phenylacetic acid*.... 0.00254 | 3.12 < 10" | 1.56 
i 1.54 X 1073 | 1.84 xX 10% | 9.1 
Ponicillin?:.............. 4.26 X 10°? | 2.0 x 10" | 1.0 
1 Le REL ae ee 0.095 | 3.6 X 10% | 181 
RT a ot gt 0.0693 | 3.6 X 105 | 181 
aa 0.039 | 3.6 X 10 | 181 


* Rate fed and utilized in the fermentation. 

+ Rate measured as appearing in or disappearing from broth. 

t Caleulated rate if all glucose was completely oxidized. 
These figures err on the high scale (see text). 
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Similar calculations can be made for the other solutes. 
Thus we find that at the 50th hr of the fermentation, 
the average concentration of glucose is about 1.8 mg 
per ml and that of NH;-N is 0.7 mg per ml. 


Relative Availability of Glucose 


1.8 mg glucose/ml = 1.8 X 10-* g glucose/ml 


1.8 3 4 23 
—— 2 
180 xX 10° XK 6.02 « 10 


= 6 X 10° molecules glucose/ml 


6 X 10" molecules glucose 
2 X 10" »? surface area 





= 3 X 10° molecules glucose/y” mycelial surface 
Relative Availability of NH;—N 
0.7 mg NH;—N/ml = 0:7 X 10° g NH;—N /ml 
0.7 6 oe 23 
— X 10° X 6.02 * 10 
14 
= 30 x 10” molecules NH;—N/ml 


30 x 10’* molecules NH;—N 
2 X 10" 2 surface area 





= 15 X 10° molecules NH;—N/x’ mycelial surface 


From a very superficial examination of the relative 
availability of various molecules it can be seen that 
while it is true that there are relatively more glucose 
and NH;-N molecules available per yu? of cell surface 
than there is oxygen, yet it would seem that there 
would be a great surplus of all three of these when the 
rate at which they are being used is considered. But, 
there are other factors which must be taken into con- 
sideration. For instance, in the theoretical picture, 
what is the average distance which each molecule must 
travel in order to get to a cell surface? Visualizing the 
mycelium present per L as being in the form of a long 
cylinder 8 u in diameter and 680 kilometers in length, 
and if this cylinder were to be equally distributed 
throughout the volume of 1 L of broth, we would find 
that the average distance between mycelial folds (meas- 
ured from center to center) would be about 41 y. De- 
ducting the average diameter of 8 yu, the average dis- 
tance between surfaces would be about 33 u. In other 
words, we visualize here a complex, microscopic network 
in which the average spaces between mycelial surfaces 
are 33 » wide. The midpoints of these spaces thus would 
be only 16.5 » from the nearest cell surface. With ideal 
mixing of the fluids passing along these surfaces, and if 
the mold could be using its cell surfaces with maximum 
efficiency, the maximum concentration of each of the 
needed nutritives would exist 16.5 u from the cell sur- 
face and the minimum (or theoretically zero) concen- 
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tration would exist immediately at the cell surface. 
Considering that, theoretically, there would be any- 
where from 13 million to 1500 million of the various 
molecules of interest available per yu? of cell surface, 
the chances of contact between the molecule and a sur- 
face at a frequency great enough to supply the mold’s 
needs would appear to be good. 

However, it also becomes apparent that in this theo- 
retical picture the small dimensions of the channels 
through which fluids would need to flow would be very 
troublesome from a mixing standpoint. While bio- 
engineers may speak of turbulent flow in the bulk fluid 
they could scarcely speak with assurance about turbu- 
lent flow in these small channels. It might be well to 
underscore this thought that while the bulk fluid may be 
mixed in such a manner as to cause turbulent flow, the 
real problem may exist near the cell surfaces where flow 
in fact may depend upon capillary action. Herein may 
lie one of the real challenges for the bioengineer. 

In fact, when at last we turn back from the highly 
theoretical picture depicted here to the true state of 
affairs of fermentations involving particularly molds 
and actinomycetes we know that the problem is even 
more critical. Instead of these organisms growing as 
evenly distributed cells or mycelia, we know their tend- 
ency to grow in tight balls of various sizes. It would 
seem that much of the potential cell surfaces are not in 
direct contact with the moving fluids and, therefore, 
may be operating at a very low level of efficiency. If 
we should direct our attention to this problem, perhaps 
by a combination of bioengineering knowledge in mix- 
ing, and biological knowledge in providing cells which 
tend to grow less in such tight clumps, we could attain 
vastly more rapid and efficient biochemical reactions 
than are now possible. It is with this exciting poten- 
tiality in mind that we say that it may be a gross error 
to devote so much of our bioengineering thinking to the 
transfer of oxygen. 
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One thing at least can be said with certainty about 
“bioengineering” or “biochemical engineering’’—it 
means many things to many people. The origins of 
these terms are indeed difficult to trace. Whatever 
their earliest use, however, one of the first important, 
published records was an editorial in the periodical 
Chemical Engineering for May 1947 (Anon., 1947), 
which said in part: 


“This is not a plea for another branch of engineering. There 
are too many already. But there is an important need in the 
chemical industry today for engineers with somewhat broader 
scientific training than in chemistry, physics and mathematics. 
And this need will continue to grow as we come nearer to under- 
standing and influencing the processes of our very existence. 
We are referring, of course, to the increasingly important role 
of the biological sciences. 

“In the past five years the pharmaceutical industries have 
contributed more to chemical progress, and in turn have been 
benefited more by chemical engineering progress, than ever 
before in their long history. ... They have drawn heavily on 
the best of our technology and have often surprised themselves 
with the resultant savings in time, cost and quality. They 
want now to apply the same methods and equipment to other 
products, but they tell us they are handicapped by lack of 
engineering manpower with fundamental knowledge and ex- 
perience in biology—particularly bacteriology and biochem- 
istry.” 


Shortly thereafter the University of Wisconsin gave 
notice that it had established an optional biochemical 
engineering curriculum within its undergraduate chem- 
ical engineering program (Hougen, 1947). At about the 
same time, interest in biochemical engineering was 
further stimulated by an article entitled ““A Case Study 
in Biochemical Engineering” (Kirkpatrick, 1947), re- 
porting the 1947 Award for Chemical Engineering 
Achievement to Merck & Co., Inc., for the commercial 
development of streptomycin. 

Two things are evident here. First, biochemical en- 
gineering was considered by its early protagonists to 
be a variation, pure and simple, on the chemical en- 
gineering theme; second, these same people were 
apparently unaware of the facts of life in the fermenta- 
tion industry, at least. In fact, these promotional efforts, 


' Based on a lecture presented at the Antibiotics Symposium, 
Prague, Czechoslovakia. 


however well intentioned, created misunderstandings 
which, unfortunately, still exist. 

Whatever the difficulties in defining and délineating 
bioengineering, one thing at least is reasonably well 
agreed upon; it is closely related to chemical engineer- 
ing. Perhaps a better picture of the true nature of 
bioengineering can then be gained from a closer look at 
the chemical engineering ‘“‘sire.”’ 


Chemical Engineering and Bioengineering 


First, it should be recognized that chemical engineer- 
ing—or any branch of engineering for that matter— 
does not comprise any distinct body of knowledge, like 
that normally associated with the various sciences— 
physics, chemistry, or biology, for instance. Rather it 
embodies a general attitude and approach to practical 
problems which recognizes the need for getting some- 
thing done with reasonable expedition even in the ab- 
sence of complete information. 

Engineering, like medicine, is a practical art. It is 
firmly based on the constantly expanding pool of scien- 
tific knowledge and, in fact, frequently contributes to 
this pool through its associated research activities. 
Nevertheless, the basic engineering function is to pro- 
vide solutions to the practical problems of technology. 

To accomplish these ends, each branch of engineering 
has evolved its own peculiar techniques—its “‘bag of 
tricks.”’ These methods are for the most part empirical, 
based on rationalization from experience (including 
experiments) and practice rather than on theoretical 
considerations. To be sure, these empirical tools are 
constantly referred to and tested for validity against 
fundamental concepts. Furthermore, increased gen- 
eralization based on greater understanding is constantly 
sought as a means for simplifying existing methods and 
making them more readily useful. 

This is particularly true of chemical process design 
and evaluation, the primary business of chemical en- 
gineers. We are still very far from an adequate under- 
standing of most of the operations involved and so 
must depend on largely empirical approaches. The 
design of agitation systems, so important in fermenta- 
tion, is an excellent example. With virtually no detailed 
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knowledge of the mechanisms of impeller behavior and 
turbulence generation, empirical correlations have been 
established which enable us to size agitators satis- 
factorily. 

Correlations, the most familiar tools of chemical 
engineers, are really substitutes for knowledge. They 
provide a means for solving practical design problems 
without knowing what is really going on. Exact math- 
ematical analysis is often either impossible, because the 
required knowledge of mechanisms is not a hand, or too 
expensive and difficult to carry out. Its direct role in 
process design is therefore limited. 

Chemical engineers are, by definition, the engineers 
of the chemical process industries, whatever their orig- 
inal degrees. A look at any successful chemical process 
company will generally demonstrate this quite clearly. 
Those who best fill the engineering function, particu- 
larly process development and design, are those who 
have been selected according to interest and ability— 
not according to degrees. Of course one hopes that the 
curriculum followed in school, and hence the degree ob- 
tained, will reasonably reflect interest and ability but 
we cannot assume that this is always so. 

To extend this concept, bioengineering is simply the 
application of these same techniques, plus some special 
ones, to the problems encountered in a particular group 
of chemical industries, those dealing with biochemical 
and microbiological processes. 

Chemical processes are concerned with making sub- 
stances from other substances rather than with shaping 
substances into things. The biochemical-microbiological 
process industries are no different in principle; the 
only real distinction is in the origin and nature of the 
materials dealt with. Their most common characteris- 
tic is molecular complexity and they are usually ob- 
tained from some natural source rather than by direct 
conversion or synthesis from simpler raw materials. 
Even this delineation is more a matter of practical 
convenience than principle, very much like similar 
divisions which have grown up between the plastics, 
petrochemical, nuclear, and other branches of the chem- 
ical process industries. Each makes use of the general 
approaches to process design and evaluation which 
have been developed, modified more or less to meet its 
particular requirements. 


Bioengineering and Fermentation 


This bioengineering approach has been most fruit- 
fully applied to microbiological processes—fermenta- 
tion. In an excellent discussion of the engineering view- 
point in fermentation, Warner et al. (1954) have 
emphasized the dominant role of the biochemist-micro- 
biologist in establishing the fundamental components 
of the fermentation process—organism, substrate, and 
process conditions. In maximizing process efficiency and 
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providing for operational economy and reliability, the 
engineer’s contribution is secondary but vital. 

In another paper, Gaden (1955a) analyzes fermenta- 
tion in terms analogous to those commonly used for 
other chemical processes. The basic considerations in 
process design—stoichiometry, energy relationships, 
kinetics, and equilibrium—are equally applicable to 
fermentation; unfortunately they are not so often easily 
identified and evaluated. Similar views have been 
offered by Hartley and Warner (1958). 

The bioengineering approach to fermentation has 
been significant only for the last 15 years or so. To be 
sure, engineers—mostly chemical—have always been 
engaged in commercial fermentation operations. Until 
the 1940’s, however, their role was largely confined to 
the purely mechanical aspects of plant and equipment 
design and operation. Matters of process design were 
almost exclusively the concern of fermentation tech- 
nologists, generally microbiologists or biochemists. 

Perhaps the easiest way to assess and illustrate the 
role of bioengineering in fermentation technology is to 
first summarize its contributions over the last 2 decades, 
Then a specific problem, scale-up of fermentation proc- 
esses, will be examined in detail to illustrate both the 
application and the limitations of the bioengineering 
approach. 

The new question, then, is simply this: “What bio- 
engineering problems actually exist in fermentation 
technology and what real progress has been made to- 
ward their solution?” 

When we try to analyze this question in a reasonably 
dispassionate manner, one fact becomes abundantly 
clear; the total bioengineering contribution to current 
fermentation practice is really very small. Furthermore, 
there is no indication that it will become significantly 
greater in the near future. This does not mean that our 
efforts are unimportant or valueless. Quite the con- 
trary; in many cases bioengineering developments have 


had and will have profound effects but these must al-/ 


ways be viewed in, and not out of, perspective. 


This situation is no one’s fault. It is simply the re-F 
sult of certain inherent features of the fermentation 


industry as it has developed and as it now exists. Al 


though there is no fundamental difference between § 


chemical processes employing natural enzyme catalysts 


elaborated by living cells and more conventional types, 7 
the patterns of process development are distinctly dif 


ferent. 


The heart of any chemical process is the reaction 
system itself. Other factors may have greater economit F 


weight in particular cases but the chemical changes 


being effected provide the reason for existence. For any? 


new process, the key considerations are (a) the basit 


reactor system to be employed and the range of (b)) 


physical, and (ce) chemical variables involved. 








1960] 


In| 
sion, 
and ¢ 
fluid | 
press 
tatiol 
ways 
illust: 

Re 
esses 
tank 
of co 
are U 
filter: 
lizer 

Ph 
narrc 
mec 
phys 
Fluic 
dens 
powe 
agite 
ordi 
tatio 

Ch 
SO CO 
in th 
basic 
the « 
cell- 
tions 
of co 
cal 
broa 
virti 
com) 
simp 

Fe 
matt 
and 
repr 
conc 
proc 
men 
side 

T 
proc 
fern 
diffe 
virti 
add 
mer 
take 








VOL.8 F 1960] BIOENGINEERING AND FERMENTATION 125 


Y; the In the development of a catalytic, gas-phase conver- 


1enta- 
ed for 
NS in 
ships, 
le to 
easily 


been 


1 has 
To be 
been 
Until 
ed to 
yment 
were 
tech- 
% 
te the 
is to 
cades, 
proe- 
h the 
ering 


t bio- 
tation 
Je to- 


nably 
lantly 
irrent 
more, 
rantly 
ut our 
- Con- 
: have 


ist al- § 


he re- 
tation 
s. Al 
tween 
alysts 


Ly Pes, § 
y dif-F 


uction 


nomic 


anges 
yr any F 
basi¢ 
of (b)F 





sion, for example, a great variety of reaction systems 
and conditions may reasonably be considered: fixed or 
fluid beds, high or low temperatures and a wide range of 
pressures, flow rates and reaction mixtures. For fermen- 
tation, however, the choice is much different, in some 
ways more limited and in others almost limitless. To 
illustrate : 

Reaction systems. Virtually all modern aerobic proc- 
esses employ a single reactor type; the stirred, baffled 
tank with gas sparging beneath the impeller. There are, 
of course, limited examples of other types; fixed beds 
are used in a few cases (vinegar generators, trickling 
filters) and one may view the continous medium steri- 
lizer as a differential, tubular reactor. 

Physical variables. Temperature, between rather 
narrow limits, and the intensity of agitation (both 
mechanical stirring and air sparging) are the primary 
physical variables in aerobic fermentation systems. 
Fluid properties of the mash, for example, viscosity, 
density, and surface tension, as well as agitator design, 
power input and air rate are the factors which determine 
agitation intensity. Pressure, in the moderate range 
ordinarily employed, seems to have no effect on fermen- 
tation reactions. 

Chemical variables. Fermentation media are usually 
so complex that it is hard to consider chemical variables 
in the same sense as for other chemical processes. Two 
basic factors, at least, are recognizable though; first, 
the composition of the medium at the beginning of the 
cell-substrate interaction and, second, deliberate addi- 
tions during the interaction—nutrients, precursors and, 
of course, oxygen. Although the effects of certain chemi- 
cal factors, glucose concentration for instance, are 
broadly understood in some fermentation reactions, 
virtually nothing is known about the myriad other 
composition variables. Process media formulations are 
simply arrived at by extensive laboratory trial. 

Fermentation process development is then largely a 
matter of finding, by experiment, the most productive 
and economical organism-medium combination and of 
reproducing, in larger capacity equipment, the optimum 
conditions for cell-medium interaction. The over-all 
process scheme (flowsheet) and reactor system (fer- 
mentor) remain virtually the same; only conditions in- 
side the reactor change. 

To emphasize the peculiar nature of fermentation 
process development, one need only look at the typical 
fermentation plant. Design details and control methods 
differ, of course, but the reaction systems employed are 
virtually identical. Increased capacity is obtained by 
adding duplicate units of the same type, and develop- 
ment of an entirely new process scheme is rarely under- 
taken. Recognizing this, many people use the phrase 





process improvement to describe the primary activity 
of development groups in the fermentation industry. 

The inherent features of fermentation processes there- 
fore limit considerably the normal activities of chemical 
engineering, the design of new processes and plants. It 
is only in this light that the bioengineering contribution 
can be realistically evaluated 


Bioengineering Problems and Progress 


Bioengineering contributions to fermentation tech- 
nology can be looked at in many different ways. We can 
go through the characteristic fermentation process 
flowsheet and look at the main stages: (a) medium prep- 
aration and sterilization, (b) inoculum preparation, (c) 
reaction (fermentation), and (d) pretreatment for re- 
covery (lysis, filtration, and so forth). Alternatively we 
can adopt a unit operations approach and collectively 
examine all activities which have a common basis, heat 
sterilization of media, aseptic transfer of fluids, mass 
transfer (aeration) and so forth. 

Regardless of the approach taken, it rapidly becomes 
clear that some subjects, aeration for example, have 
been studied to death while others have hardly been 
glanced at. Table 1 is a summary, admittedly quite 
subjective, of problems and progress in bioengineering. 
Parts of the table, especially the column on practical 
utility, are dependent on information given the author 
by people in industry and so cannot always be properly 
referenced. Furthermore, the introduction or simple 
adaption to fermentation practice of equipment and 
devices used elsewhere, with little or no change, is not 
included here, even though such mechanical improve- 
ments may have great practical significance. 


Scale-Up 


“Scale-up” is an inherent part of process develop- 
ment, in fact the terms are virtually synonymous for 
many people. Scale-up has been successfully achieved 
when yields and productivities, previously demon- 
strated on a small scale, have been produced in larger 
capacity units. This basic definition holds equally well 
for microbiological processes, though the problems en- 
countered are markedly different. 

Two basic approaches to scale-up are available; first, 
extrapolation of model experiments based on the prin- 
ciples of similitude and, second, mathematical analysis 
of the complete (or controlling) mechanism (Johnstone 
and Thring, 1957; Metzner and Pigford, 1958). 

While the second of these has unlimited potential 
value, it also has serious limitations in practice. Often 
the relationships are too involved to permit rigorous 
definition or the resultant mathematical expressions 
are too complex for economical solution, even with com- 
puting equipment. Electrical or mechanical analogs 
may sometimes be used to overcome the second of these 





TABLE 1 


Bioengineering problems and progress 








Development/Study Purpose Utility in Practice 
Medium sterili- | Calculation methods for batch ster- | Improvement of batch process | Nil (apparently not used in indy. 
zation ilization (Deindoerfer, 1957). scale-up. try). 


Equipment for continuous steriliza- 
tion: 
a) retention tubes. 
b) plate heat exchangers (Pfeifer 
and Vojnovich, 1952; Whit- 
marsh, 1954). 


a) Improve process scale-up by 
providing uniform medium com- 
position. 

b) Reduce turnover time in pro- 
duction fermentors. 

c) Improve productivity. 


a, 


Being introduced in many plants by 
experience is variable; equipmen; 
and operational problems. stil 
exist. 





Air sterilization 


Study of the factors affecting effi- 
ciencies of fibrous filters (Ter- 
jesen and Cherry, 1947; Decker et 
al., 1954; Humphrey and Gaden, 
1955). 


Design and testing methods for fi- 
brous filters (McDaniel and Long, 
1954; Gaden and Humphrey, 1956; 
Maxon and Gaden, 1956). 





| 
| 


Heat sterilization of air (Stark and | 
Pohler, 1950). 


a) Elucidate the mechanism of fil- 
ter action. 

b) Provide rational design method 
for air filters. 


Reduce lead on filters or act as pri- 
mary “‘sterilizer’’ for some appli- 
cations. 


Reliable filters of greatly reduce; 
volume and lower pressure drop 
have been developed and used in 
dustrially. 





Use variable; all compressor ys. 
tems introduce some heating. 





Process design 





Fermentation process kinetics (Ga- 
den, 1955b; Luedeking and Piret, 
1959). 


Penicillin process kinetics (Stefa- 
niak e¢ al., 1946; Brown andPeter- 
son, 1950; Calam et al., 1951; Hos- 
ler and Johnson, 1953; Owens and 
Johnson, 1955). 


Theory of continuous cell propaga- 
tion (Herbert, 1959). 


Continuous, multistage product 
fermentations (Bartlett and Ger- 
hardt, 1959; Sikyta, 1959). 





a) Elucidate general kinetic pat- 
terns in fermentation processes. 
b) Analyze kinetics of batch proc- 


esses. 


Examine effects of process variables 
on rates of penicillin biosynthe- 


SIS. 


Design of steady-state continuous 
propagators for cells. 


Design of continuous processes for 
type II and III (biosynthesis) 
processes. 


Continuous processes for cell props- 
gation and ‘‘simple”’ (type I) fer 
mentations. 


Nil. 








Aeration-agita- 
tion 





Oxygen absorption measurements: 

a) Sulfite method (Cooper e¢ al., 
1944; Schultz and Gaden, 1956; 
Philips and Johnson, 1959). 

b) Polarographic method (Hix- 
son and Gaden, 1950; Wise, 
1951; Bartholomew ef al., | 
1950a, b; Chain and Gualandi, | 
1954). 


Performance tests (Chain ef al., 
1952; Friedman and Lightfoot, | 
1957; Elsworth eft al., 1957). 


Aeration tests in product fermenta- 
tions (Bartholomew ef al., 1950b; | 
Karow eft al., 1953; Maxon and 
Johnson, 1953). 


a) Study effects of operating vari- 
ables (gas rate, agitator speed, 
fluid properties, ete.) on oxygen 
absorption. 

b) Comparison of 
tion systems. 


aeration-agita- 


Examine effects of aeration-agita- | 


tion on productivity. 


Power input and air rate are mos 
important factors in aeration 
agitator and sparger design ni) 
critical. Flat-blade turbine, oper 

| pipe sparger adequate. 





a) Minimum power-air rate level 
for penicillin established. 
b) Aeration not as critical in actine 





mycete fermentations. 


| — 





Cell-fluid sepa- 


rations 


| 


Study of centrifugation (Ambler, 


1959; Patrick and Freeman, 1959). | 


Froth flotation of cells (Boyles and 
Lincoln, 1958; Guadin ef al., 
1960a, b). 


Develop for 


scale-up. 


theory 


Development of a new technique. 





centrifuge | 


Used for scale-up of cell and virt' 
propagation processes. 


Nil. 
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limitations, but their application to microbiological 
processes is still a long way off. This leaves us with 
scale-up from model experiments by the principles of 
similitude as the main technique in practice. 

To scale-up by similitude, one must first establish 
some functional relationship between the various di- 
mensionless parameters which can be used to char- 
acterize the system. A typical example, often referred 
to in fermentation studies, is the correlation for power 
required in an agitated vessel (Rushton et al., 1950). 


Np = K(Nre)™Ne,)” (1) 


The three dimensionless groups are: 





N, = power number = Se 
Np =P oN? D> 
‘ Reynolds number — ND” p 
N Re = . F = SE rites 
(for agitation ) ni 
. DN’ 
Nr, = Froude number = — 
Ge 


All are compounded from the primary system variables, 
impeller diameter (D), speed (N), fluid density (p), 
and viscosity (u) (Ge is the standard dimensional con- 
stant from the laws of motion). 

Values of the constant, K, and the exponents, m and 
n, have been evaluated experimentally for many dif- 
ferent mixing systems (Rushton et al., 1950), including 
baffled and unbaffled (vortex) tanks equipped with 
propellers, on and off center, and a variety of paddle 
and turbine-type agitators. On this basis scale-up of 
power requirements is readily achieved, providing the 
vessels involved are geometrically similar. 

Power requirement, however, is only one aspect of 
scale-up in an agitated reaction vessel. One must also 
know the relationships existing between agitation and 
the various rate processes, physical and chemical, which 
take place in the fluid mass. 

Rushton (1951) has proposed a scale-up method for 
situations where the ‘process result,’’ heat or mass 
transfer rate for example, can be related to the govern- 
ing variables. In such a case this process result, ¢, ex- 
pressed in the form of a dimensionless group, is some 
function of the Reynolds number for agitation: 


@ = KkN2. 


The power, x, may be determined from data obtained 


in small-scale experiments and used to scale up the 
process by the following relationships: 

N2 = N,(D, ‘D2)@2-Vl2 (2) 
and 


P, -_ P\(D, D,) te) z (3) 


where N» and P» are the impeller speed and power re- 


quired in the larger tank whose characteristic dimen- 
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sion is D2. In other words, D2/D, is the scale-up ratio 
and the volumes are as (D2/D,)*. 

The power ratio, P2/P, will be equal to one only 
when x = 0.75, and so Rushton (1951) stresses the 
dangers in the common practice of scaling up on an 
equal power per unit volume basis without knowing the 
relationship between process result and agitation in- 
tensity, that is, “x”. 

At the same time experience has shown that in many 
common agitation situations, x is near enough to 0.75, 
usually in the range 0.6 to 0.8, to make scale-up by 
equal power per unit volume reasonably accurate 
(Jordon, 1955). In the case of oxygen absorption in 
sulfite solution, for example, Solomons and Perkin (1958) 
found x = 0.78. A 2:1 scale-up, based on equation (2) 
above, was, as expected, good but not perfect. Solo- 
mons (1958) has critically examined some of the prob- 
lems in this scale-up method and stresses the impor- 
tance of the absolute values of impeller speed and air 
rate, particularly where more than one phase is in- 
volved, for example, aeration of fermentation broths. 


Scale-Up in Fermentation 


Although scale-up problems in the fermentation 
industry have often been discussed, very little has 
been done about them. Specific proposals for scale-up 
methods, with supporting data, are very few indeed. 
Furthermore, even these do not deal with the real 
problem, scale-up of the fermentation process. Rather 
they treat the scale-up of the fermentation reactor, 
more specifically its aeration and oxygen supply 
capabilities, alone. 

At first hand this may seem a trivial matter, but it 
is certainly not. The general inadequacy of scale-up 
methods for microbiological processes is a direct result 
of their failure to consider the process as a whole. To 
illustrate this point, let us briefly review the methods 
which have been proposed. 


Scale-Up by Aeration-Agitation 


As a result of their studies on aeration and oxygen 
transfer in penicillin and streptomycin fermentations 
(Bartholomew, 1950 a, b; and Karow et al., 1953) 
proposed a general scale-up procedure for aerobic 
fermentations. Theirs was the first specific reeommen- 
dation to appear in the open literature and most 
subsequent suggestions are simply modifications of it. 
The basis for their scheme, and for those which have 
followed, is the promise that: 


“Cellular respiration, and hence antibiotic production, de- 
pends upon the maintenance of an oxygen concentration at the 
cell wall such that respiration rate is independent of oxygen 
concentration—that is, a zero order rate... . / Antibiotic yield 
thus ultimately depends upon the rate of oxygen transfer to the 
cells.” 
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According to this view, scale-up of the fermentation 
reaction system is then only a matter of scaling up the 
rate of oxygen absorption in the agitated, aerated 
fermentor. This underlying assumption is, however, 
questionable at best and—at worst—false; certainly 
it is not supported by any of the admittedly limited 
kinetic observations made so far (Gaden, 1959). For the 
moment, however, let us examine the scale-up methods 
which are based on it. 

Karow et al. (1953) based their scale-up procedure 
on three premises: (a) that antibiotic yield depends 
upon the rate of oxygen supply to the cells (stated in 
detail above), (b) that oxygen transfer rates (and 
therefore yields) depend upon the scale and intensity of 
turbulence, and (c) that absorption of oxygen into the 
liquid, and not transport of oxygen within the medium- 
cell suspension, is the limiting rate. 

The rate of oxygen absorption is then simply ex- 
pressed as: 


Rate of absorption = K,a(C* — C,) 
where: 
Kia 


a 


absorption coefficient 

interfacial area 

C* = saturation oxygen concentration 

C, = actual dissolved oxygen concentration 


The product K,a, an absorption capacity coefficient, 
cannot ordinarily be separated further because the 
interfacial area is usually unknown. It is commonly 
used to characterize the absorption efficiency of an 
agitation-aeration system (Finn, 1954) and Karow 
et al. (1953) used it as the primary scale-up parameter. 
For constant fluid properties, this capacity coefficient 
is a function of agitator power (P) and the superficial 
air velocity (V,) through the fermentor (Cooper et al., 
1944). 

To scale-up a fermentation system by this method, 
one first determines the relationship between yield 
and/or productivity (the so-called process result) and 
Ka in small vessels. Data on K,a must be then ob- 
tained for the various vessel sizes involved in the 
scale-up. Because of the difficulties inherert in making 
such measurements at the plant level, Karow et al. 
(1953) obtained their values for 200-, 10,000-, and 
15,000-gallon tanks by extrapolating the data from 
Cooper et al. (1944), an admittedly inexact but much 
more convenient scheme (figure 1). 

To scale-up, they simply selected, on the basis of 
experience, an air rate sufficient to supply the oxygen 
requirements of the organism without excessive foam- 
ing difficulties, practically speaking the highest rate 
that can be held in the tank. With the air rate fixed, 
the power input required to provide the desired K za 
value can then be established. 

Wegrich and Shurter (1953) have reported the 
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scale-up of penicillin fermentations from 2,000- to 
24,000-gallon tanks by a modification of the method 
just discussed. Their scale-up variables are the same— 
power input and superficial air volocity—but they did 
not employ the oxygen absorption coefficient, K,a, as 
the scale-up parameter. Instead they simply applied q 
pressure correction to the air velocity, because of the 
increased fluid head in the taller, plant-scale fermen. 
tors, and sealed up by providing equal power input per 
unit volume and superficial air velocity (corrected) 
at each level. 

Seale-up data of this sort, in terms of a specific 
process result like penicillin productivity, are scarce 
indeed. Although the general pattern (figure 1) seems 
good, it is still hard to accept this as real proof of the 
validity of the method. It is just reasonable to say, 
simply, that increased agitation has provided relatively 
complete mixing of the fermentation batch, permitting 
the biochemical mechanisms involved to operate free 
of gross diffusional control. 

Finally, there is the matter of the fundamental 
validity of this approach to fermentation scale-up. It 
rests, as we have seen, in the premise that product 
formation is dependent upon the rate of oxygen supply 
to the cells (Karow et al., 1953). While this is probably 
a fair assumption for many microbiological processes— 
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Figure 1. Seale-up correlation for penicillin fermentation 
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the propagation of yeast and aerobic bacteria and the 
oxidation of sugars te organic acids for example— it is 
evidently not so for biosynthetic processes, antibiotic 
production in particular. 

Direct experimental evidence to show that no clear 
relationship exists between respiration and penicillin 
synthesis in Penicillium chrysogenum has been given by 
Calam et al. (1951) and many other indications of the 
independence of respiratory and antibiotic-producing 
mechanisms in the mold have been noted (Gaden, 1959). 
Finn (1954) has cited a number of other microbiological 
processes in which the same situation prevails. On the 
other hand, nothing has been offered to support the 
basic assumption underlying scale-up by this method. 

Scale-up on the basis of equivalent oxygen absorption 
is certainly convenient but its validity is very much in 
question. There is always a tendency to overevaluate 
factors which can be measured and to avoid those which 
cannot. This may very well be the case in the ap- 
proaches to fermentation scale-up which have been 
used so far. 


Fermentation Process Scale-U p—Criticism 


The real problem in fermentation process scale-up is 
the complete reproduction, in large capacity equipment, 
of those conditions for cell-medium interaction which 
have been established as optimum by small volume 
experiments. Many variables affect this interaction 
and oxygen supply is only one of them. Generally 
speaking, the most critical factors are considered to be: 
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Inoculum: type, age, and amount. 

Medium: initial composition, pH, redox potential; 
changes during sterilization; and additions during 
fermentation. 

Conditions: temperature, pressure, oxygen supply, 
and agitation/mixing. 

Of course, the scale-up methods discussed earlier all 
assume the duplication of inoculum and medium 
conditions and of temperature. In practice, however, 
this assumption is easier made than fulfilled. Emery 
(1955), for example, has summarized the many complex 
and ill-defined microbiological problems which interfere 
with scale-up. His conclusion, certainly a legitimate 
one, is that trial and error is still the primary scale-up 
tool for fermentation processes. 

Probably the most striking—and common—violation 
of scale-up principles is found in the batch sterilization 
of medium. A sterilization format, say 15 min at 120 C, 
is established by laboratory flask experiments in which 
standard autoclaving procedures are employed. This 
format is then followed in successive stage of develop- 
ment, stirred glass jars, pilot plant, and even plant, 
fermentors. But heating and cooling rates, and there- 
fore rates of temperature rise and fall, change radically 
from one equipment volume to the next. As a result 
the total heat input, and consequently the degree of 
chemical change which occurs, increases greatly for the 
same nominal sterilization procedure. In figure 2 the 
actual time-temperature relationships for 100- and 
1300-gallon pilot plant fermentors are compared for a 
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Figure 2. Batch sterilization of streptomycin medium 
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nominal 15 min, 120 C sterilization. The areas under 
the curves are roughly proportional to heat input; the 
immense disparity is obvious. 

The same problem is encountered in batch cooking 
of canned foods and empirical methods have been set 
up to correct for variations in heat transfer rates 
(Stewart and Clark, 1949). These can readily be applied 
to fermentation processes but so far there has been 
little interest shown in this possibility. In any event 
continuous sterilization, when properly practiced, 
provides for exact reproduction of starting medium 
quality at all levels of operation. 

Many factors affect the performance of chemical 
process. In fermentation the number of these 
becomes inordinately large because of the chemical 
complexity of the system. Since we are largely unable 
to explain the relationships between these variables 
and product yields, scale-up of fermentation processes 
has been based so far on physical measurements, 
particularly oxygen transfer rates. 

This approach appears to work, in a rough way, for 
aerobic antibiotic fermentations but its essential 
validity is doubtful. The apparent scale-ups achieved 
in this manner may simply be fortuitous. More likely, 
still, is the possibility that gross, external diffusional 
resistances have been minimized, permitting the cell- 
medium interaction to proceed under biochemical 
control. 

The real key to successful scale-up of fermentation 
processes lies in a more complete understanding of the 
reactions taking place. Fermentation is, above all, a 
chemical process, although an extremely complex one. 
When the chemical mechanisms controlling the forma- 
tion of desired products are reasonably understood, 
scale-up on a rational, but undoubtedly empirical, 
basis will be possible. 

CONCLUSIONS 

It seems quite clear that the bulk of bioengineering 
work so far lies in the areas of (a) calibration and 
measurement and (b) equipment development. The 
process design contributions, interestingly, are almost 
all from the biochemist-microbiologist, not the chemical 
engineer. 

The real nature of the engineering function has been 
emphasized here. It is not simply mathematics and 
mechanical gadgetry, a view unfortunately held by 
many microbiologists. At the same time engineers must 
recognize their extreme dependence on full and complete 
understanding of the biochemical system with which 
they must work. 

The key to future progress in fermentation is a more 
detailed knowledge of (a) the biochemical mechanisms 
involved in growth and product formation and (b) the 
factors which influence the organism’s ability to cata- 
lyze these reactions. It follows that there will be a 
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preponderance of biochemist-microbiologists, undoubt. 
edly possessing increasing skills in physical chemistry 
and mathematics, in fermentation process develop. 
ment. 

The biochemical engineer’s role will be to translate 
this increased understanding—by empirical means jy 
most cases—into increased productivities. Toward 
this end he can profitably spend more time on empirical 
analysis of process kinetics and improved methods for 
experimental design and analysis, particular computers 
for data analysis (digital) and process stimulation 
(analog) and scale-up techniques. 
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